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Section 1

INTRCDUCTION

Analyses conducted in this phase of the study to estimate the cost of selected
1ife sciences experiments and subsystems will aid in program planning and
allocation of resources and provide a better understanding of program cost
elements that points out the areas and methods by which cost may be effectively
reduced. Two areas identified in the first phase of the study as major causes
of cost increase are the proliferation of documentation and engineering changes.
A mejor recommendation of the first phase of the study was to "freeze" the
engineering design early in the production program to eliminate the effects of
engineering changes on subsystem cost. Such recommendations, if followed,
would contribute to reducing the costs of the Spacelab life sciences experi-

ments and subsystems evaluated.

This phase of the study has been devoted to establishing cost estimates for
experiments and subsystemé flown in the Spacelalb. Ten experiments were cost
analyzed. Estimated cost varied from $650,000 for the hardware development of
the SPE water electrolysis experiment to $75,500,000 for the development and
operation of a representative 1life sciences laboratory program. The cost of
subsystems for thermal, atmospheric and trace contaminants control of the
Spacelab internal atmosphere was also estimated. Subsystem cost estimates we:
based on the utilization of existing components developed in previous space
programs whenever necesgsary. Cost analyses were performed for each of the

following:

] Spacelab Experiments e Vapor Compression Water Recovery
e RITE Waste-Water System
e H2—Depolarized CO2 Coqcentrator
o SPE Water Electrolysis
e DBoiling and Condensation at Low

Gravity

1-1



e Biological Specimen Holding Facility

¢ Medical Emphasis Life Sciences
Experiment _

¢ Research Centrifuge

¢ Cloud Physics Experiment

@ Space Processing Furnace Experiment

® Bpacelab Subsystems ¢ Cabin Thermzl Control
e Atmospheric Supply and Pressurization

® Trace Contaminants Control

This report includes the following major chapters:

Section 1: Introduction

Section 2: Summary

Section 3: Study Approach

Section L: Spacelab Experiments

Section 5: Spacelsb Life Support Subsystems
Section 6: Conclusions and Recommendations

The cost analyses derived in this study are intended to present overall cost
trends and identify areas of cost impact in the development of life sciences
experimentswand subsystems. They should not be construed to represent

actual cost requirements or price quotations. It should also be reécognized

et +h
t

Ll ULl

timates were made for specific designs and based on particular

(]
0
o
0

assumptions. Changes in designs or assumptions could significantly change the

cost estimates given.
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Section 2

SUMMARY

Ten Spacelab experiments, a life suppocrt experiment facility and three Spacelab
life support subsystems were investigated in this study. A summary of the work
performed in this phase of the study is presented in Table 2-1. Included in
the Takle are the study items, their purpose and description and the levels to
which cost analyses have been performed. A paragraph reference, indicating
where the corresponding detailed aﬁalyses are presented in the report, is alsc

presented.

2.1 BPACELAE EXPERIMENTS ®

The ten life sciences and space application experiments cost analyzed in this
phagse of the study were selected from fﬁose planned for the shuttle launched
Spacelab., Most of the experiments were found to be in the conceptual stage
with little or no eguipment definition. A major part of the effort was thus.
devoted to the preliminary design of experiment hardware, defining their char-
acteristics and evaluating their performance. Engineering and cost.analyses
were performed at the component level. Equipment cost was added from the com-
porent level up to the assembly, subsystem and system level. Cost estimates
for experiments which were considered to constitute a part of larger payloads
were limited to completion of hardware production phase. Examples of such
experiments ineclude the research centrifuge to be flown integrated with a
medical or biological resesrch mission. For independently operated experi-
ments, such as the medical emphasis life sciences Spacelab, cost estimates were
carried to the total project level which includes hardware and operations
costs. The experiment cost summary is presented in Table 2-2, divided in
significant cost items. The Table shows at a glance & comparison between
different experiment costs, separated into non-recurring, recurring preduction

and recurring operation pPhase costs. The costs of the five life support and
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Table P-l - Life Support System Cost Study Summery

STUDY ITEM

PURPOEE/AFFROACH

DESCRIPTION

COST ANALYSIS TTEMS

DETAILED ANALYSES

Lifa Support Experiment Facility (LSEZF)

Lifs Support and Fiuid Flow Experiments

RITE waste-vatear syatem experimant

5PE vatsr electrolyaia sxperiment
Tbeliling end condensation experiment

d0eoo

@ Blologicel Specimen Holding Facility Exveriment

# Medical Emphasia Life Sciences Laberatory

Experiment

Aemearchn Centrifuge Experiments

Cleud Phyaice Experiment

Space Processing Furnace Experiment

Bpacalab Thermal Control Subsystem

Atmospheric Supply & Pressurizaticn Suhsystem

Truve GContomlnants Contrel Subsyetem

YADOr CORMpreagian watsr Tecovary expariment

Hp-depolarized £0, conceatrater experiment

Used as test facility for
life support epd fluld flow
experiments.

All five experlments use
1SEF as test facllity
providing inatrumentsticn,
meapuredent. devices, fluid
gubsystems, power end data
mansgemont.

Facllity holds two unrestrained
und 3ix restreined, inslrumeated
rheEugs monkeys.

Tacility Lo a part of bieclegizel
letoratory which includes veprte-
brates, fnvertebrates, cells,
tiague ecoltueres and plente.

General purpose research facility
for medicine, tiology, 1ife aup-
port and man-pystem integration
experiments.

Centrifuge to provide a 1 g
control ar varisble g research
envirommant for small vertebrutes
and szall ressarch crgenisms io
Le flown with m biology or
medical eophmsis Spacelab.

Zero-g stmospheric wlerophyaica/
cloud physics leboratory Ceeility
to cbtain data for weathsar
modification and control.

This is one of materiale
suiencea acd manbufacturing
in cpace conCigurationa.

For etudy of melten fone erystal
growtn mnd other heet/melt/cocl
expariuents,

Provides: temperature control for
cpev umi} equipment in Bpacelat
tabin.

Feplenishes Spacelsn cabin
aimospbere with oxygea end
nitrogen.

Maintelns etmospheric total
pressure and owygen partiel
pressure in nenned compertmenis.

Subeystea desigued to eontrol
€0, Hp, CHy, hydrerarbons in
Spacelab for miesions of 30
days or lemger.

® Ia compriged of:

© conanle
o inetrumentation acd messuring devices
o hesting ond cooling loops. Tasuum
and gas flow subsyatemg

o pouver control and dlstribution
© deta menrgement and electronica

# Iocludes experiment or subaySien
hardware nod Integrated instrumentetions
anly.

L]
-
&

comprised of :

envirommestal contrel system
westE mansgement

food and water arcemblies
holding cages
refrigerotor/freezer
coneole/work stetion

power supply end dstribution
dote menegement end electreolea
cemeras end support equipment

tooA0 o000

» Is compriged of:

crevw station end storage wnit

eells & tiseue halding unit

viguel & micrescopic examfnntion unit
primete & amall vertebrate unlt
tiomedical activities unit

fluid secple asalysic unlt

apecimen preservation unit

power contrel b distributien

data managemsnt

cocoboooac

4 Continuove rotating centrifuge,
with w loed-retrieving turm-
table and hetepsary lostrumentstion
sad controls.

® Specimen ceges mnd medical
instrumentailon are to be
suppiied by experimenter.

® Ia compriaed of:

alx experiment chambers

thermel control & Tluid cupply system
particle generators

particle fAetectors b analyzars
conscla

optical eystem

dsta manegement

o000 an

® Is compriscd of:

< enclosure/furnace and acessacriea
O VACUIm system
o ¢ore equipmsnl
& deta menegenent and elsctronic
< pover conditioning & distribution
© coneoles
© support equipment
# Ia comprised of fans, hest exchangere,

congensers, water separators, valves,
accumulaters, filtars and pepsors
in followlng loops:

o

cabin ges loop
o mvionics gas loop
5 water loop

& I3 comprieed of:

o high preasupe gas tenk assemblies
© regulator assemblise

o contraller eseemblies

© preesure relief assembly

© repressurizatlen masembly

& Is compriged of ectivatad sharcosl
and partfculate filters, catalytic
ex{dizer endé pre- end post-sorbente.

]

&

Design, development apd preduction
of hardware

Operelicns phese cost not ingluded

Tntegrated with cost of fivc
l1ife support end fluid rlow
experimenta

Design, development ond produetion
of gubsyetem or experiment hardwere

Operations phase cost mot imeiuded
Integrated with cost of LSEF

Design, developmeat and produgtion
ef facility hardware

Operations phase coat not included.

Ingtrumented primates conaldered GFE

Total prograt costs estimated.
Deslgn & development, producticn
and operations phases included.

Tegign, Aevelapment and productien
of centrifugs.

Operstions phemse cost not ineluded

Totel program costa estipated.
Dasign & development, producticn
% cperationg phesed inciuded.

Deelgn, developmsnt and production
of spaes processing fupnsce
expariment,

Qperations phase cest not included,

Deelgn, developmant and production
of cavin thermal control equipment.

COparaticns phese cost not Included.

Dealgn, development and produzticn
of subsystem hardvare.

Cperationa phase cogt not jncluded.

Design, development end produetion
of trace contaminante control pub-
syaten,

Oparations phase cost not ineluded.

@ Paragraph 4.1 integratad with

lire support and {luid flew
experimenta cost.

@ Parsgeagh L.1 integreted with

LSEF cost.

® Peregraph L.2

& Paregraph L.3

# laragraph b L

& Paragraph 4.5

@ Puregrazh 4.6

# Parsgraph 5.1

® Paragraph 5.2

& Parsgraph 5.3
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Teble 2-2 - aperiment Cost Comparison Summery®

LIFE SUPPORT TEST PACTLITY

PRIMATE HOLDING FACTLITY

EFSEARCH CENTRIFUGE

SPACE PROCESSING FURNACL

:pL SIS 156 CLOUD PEYZICS EXPRRIMENT
COST TTFMR AT FIVT RFLATED ¥XFERIMRNTS ERUERLHENT MERICAL EMPRASIE 105L EXFERTMENT EXPERIMENT

HR i HR RP AR 52 a0 uR w 1.1 jod i il Re
Experiment Costs
& FR/L5 or Fluld Subsystems 1,384,000 157,000 2,120,000 1,014,000 a [ a - - - - 2,501, 040 G6H, 000 064,000
# Power Conlrol & Distrilbution 11k, 0uo [SII] 22,000 122,000 268,000 160,000 1,100,000 - - 134,000 116,000 - - -
# Dota Management & Interface 258,00 139,080 175,000 210,000 940,000 10,000 390,000 - - u51,000 EECRTY 2,662,000 791,000 352,000

Eiectronics :

& Experiwent Lquipment 1,694,000 2,237,000 410,000 915,000 2,007,000 6,2k, 000 1,942,000 66,000 a6.000 630,000 700,000 §,97T,000 3,241,000 | 1,kun,000
# Consolels) 363,000 145,000 Included in exp. sxparioant 1,320,000 380,000 a - - 935,000 450,000 1,711,000 9,000 53,600
# Experimeut Suppart - - 123,000 174, 0o 1,555,000 313,000 o - - 1120 600 85,000 153,000 271,000 -
fraject Manmgsment 913, 000 317,000 566,000 3E,000 B15, 000 367,000 shg, 000 1L6,000 12,000 610,000 530,000 550,000 273,000 bug 000
Syatem Engizesring k Tntegration 1,287,000 214,000 920,000 210,000 4,031,000 53,000 380,600 02,000 &.000 0,000 371,000 1,368,000 585,000 £34,000
Systen Test 773,000 9 552,000 b 1,850,000 v o 121,800 ] Ao2,000 0 550,800 o o
Sround Support Eguipnent 1,75, ooo ¢ 1,2h7,000 o 2,2h3,000 10@,000 1,211,000 27k,000 o 1,124,000 9 1,233,000 5h,080 395,000
Facilities ] £00,000 3,h00, 000 o v o
logigtien 3,718,000 15,000 1,008 000 02,000 5,000 161,000
Flignt Uperations 0 o 1,200,000 o o 5,276,000
Refurbishment Operations [ o 16,800,000 - - -
Frimcipael Inveatipater Dperstions GO0 GO0 Lao 000 5,000,000 [ [ &, b3 ,000
Total 9,151,460y 3,350,000 6,1k1,000 2,057,000 28,h09,000 1,387,000 k0,585, 000 1,h25,000 126,000 5,625,000 2 WB3.poa | 21,355,000 6,002,000 [ 16,732,000
FrogremfFroject Total 12,501,000 9,658,000 74,691,000 1,535,000 8,110,000 4l 920,000

NOTR:  Cost {tems bremkdéown differc from

TR:  Non-Recurring
RP:  Recurring - Provuction
RQ: Recurring - Operations

tert. aE cost eRtimater are reprouned tn Apree with current HASA WES.
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fluid flow experiments are presented in Table 2-2 integrated with the cost of

the 1ife support test facility, which was designed to support such experiments.

2.2 SPACELAB LIFE SUPPORT SUBSYSTEMS

The study also included the cost analysis of the following Spacelab life sup-

port subsystems:

2,2.1 Cabin Thermal Control Subsystem (TCS)

The Spacelab cabin TCS controls the temperature and humidity of the manned
module and rejects the excess heat generated by the avionics and experiments
inside the pressurized compartment. The cabin TCS is comprised of three loops:
1)} cabin gas loop; 2) avionics gas loop; and 3) water loop. The Spacelsb is
provided with 8.5 KW heat rejection capability, which includes both the module
and the pallets.

The available cabin cooling includes:

e Module atmosphere 1.0 ¥W at 18° to 26°¢
. Avionics bay atmosphere 3.13 KW at'EhO to 5000

Cost analysis of the Spacelab cabin TCS, including both recurring and non-
recurring costs, was completed. Included alsc were the major subsystem assem—
blies, assembly characteristics, performance, power requirements and design
status. Of the six assemblies involved in the TCS8, four assemblies utilize
already available components requiring modifications and/or regualification.
The use of previously developed equipment resmits in significant reductions in
the design and development phase expenditures estimated at approximately

1.5 million dollars.

2.2.2 Atmospheric Supply and Pressurization Subsystem (AS&PS)

The Spacelab ASE&PS controls the cabin pressure and stores and supplies the
spacecraft with atmospheric oxygen and nitrogen for a 7-~day mission extendable
to 30 days by the addition of extra consumables. The subsystem includes two

identical 3000 psi storage tanks containing 47 1bs of oxygen and 34 1bs of

24



nitrogen. A Skylab type two-gas controller is utilized‘i? the subsystem which
also includes an existing design O2 and N2 regulator assemblies. Cost analysis
of Spacelab AS&PS was completed. Recurring and non-recurring costs for the
subsystem's five major assemblies were calculated. Assembly characteristies,
performance, power requirements and design status also were defined. The sub-

system cost was estimated at approximately $5.0 million.

2.2.3 Trace Contaminants Control Subsystem

A cost analysis study of an extended duration trace contaminants control sub-
system, suitable . for instailation in Spacelab was performed. The subsystem
comprises activated charcoal and particulate filters, a catalytic oxidizer with
pre- and post-sorbent beds, a regenerative heat exchanger and a temperature
controller, The components are installed so abk to draw an air flow of 5 CFM
from gownstream of the cabin fan, process it and return it to the main air flow
upstream of the fan. The system cost was estimated at $2.74 million of which
$2.41 million was for the design and development phase and $0.33 million for
flight hardware.

2,2.4 Other 1Life Support Subsystems Applicable to Spacelab

Cost estimates of life support subsystems for Spacelab other than the three
listed above may be readily obtained from the results of the first phase of
the study reported in McDonnell Douglas Reports MDC G-4630, MDC G-L631,

MDC G-4632, MDC G-4633 and MDC G-L63L4, all dated June 1973. Cost estimating
relatlonshlps are presented in a parametric form which can be easily applled
to the Spacelab vehicle and mission sizes., The subsystems investigated in the
first study phase are mostly of the regenesrative life support type and are

categorized in four functional areas:

A. Carbon Dioxide Removal —- including molecular sieves, hydrogen depo-
larized corncentrators and regenerable solid desiccants.

R. Water Recovery -- including RITE waste management-water system,
reverse osmosisg, multifiltration, vapor compression and air
evapo;ation/electrolytic pretreatment sufsystemé.

C. Oxygen Recovery —- including Bosch and Sabatier 002 reduction and

solid polymer and circulating KOH electrolysis subsystems.
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D. Atmosphere Analysis -- including wmass spectrometers and gas

chromatographs.

The effects of inflation and economic escalation are reflected in the study
results based on a Ffactor of 6% for inflation from 1972 to 1973 and 7% for
inflation from 1973 to 19T4.
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Section 3

STUDY APPROACH

This phase of the study was directed at the definition of representative life
sclences experiments and subsystems for use in the Spacelab and the development
of cost models and estimates for each of the experiments and subsystems
involved. Included also was'the identification of major areas of cost impact

in the development and/or operation of related equipment.

In order to achieve the sbove-stated objectives, the following tasks were

accomplished:

A. Experiment and Subsystem Definition -- including preliminéry design and
analysis of equipment which had not been adegquately defined.

B. Cost Estimating Methods —-- including the updating of techniques
developed in the first phase of the study and the collection of cost
data of specialized equipment required for the Spacelab experiments.

C. The development of cost models and estimates for: a) life support
experiment facility; b) ten Spacelab experiments, mostly dealing with

life sciences; and c) three Spacelab life support subsystems.

3.1 EXPERIMENT AND SUBSYSTEM DEFINITION

Most of the equipment hardware investigated in this phase of the study were
found to be in early state of development, if not just in the conceptual stage.
Cohsequently, preliminary designs and analyses had to te performed to arrive at
an adequate definition of subsystems and components to aid in the development

of cost estimates at the component level.
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The basic approach used for the preliminary design and analyses 1s as

followsa:

A, The requirements and design criteria for each of the experiments and
subsystems investigated were developed.

B. System schematics indicating fluid flows, temperatures and pressures
were defined.

C. Preliminary heat and mass analyses were performed to define basic
physical characteristics and performance of pertinent components in

each subsystem and experiment hardware.

3.2 COST ESTIMATING METHODS

Cost estimates and models were made utilizing cost estimating relationships
(CER's) developed at the component level and then summed up to establish total
system or subsystem cost. CER's were developed to estimate the recurring cost
of each pertinent component in the subsystems or experiment hardware investi-
gated. CFR's developed for non-recurring cost were based on estimating system
design cost, utilizing the number of component types used, and then estimating
the cost of other non-recurring functions as percentages of design cost. A1l
cost estimates and relationships are based primarily on actual cost data from
space hardware, mainly the Gemini and Skylab programs. A discussion of the
development of recurring and non-recurring cost estimating relationships is

given in the following paragraphs.

3.2.1 Development of Recurring Cost Estimating Relationships

Recurring cost estimating relationships were developed from detailed component
cost data collected from the Gemini and Skylab programs. Components analyzed
include fans, blowers, absorber canisters, heat exchangers, condensers, tanks,
regulators, pumps, filters and other pertinent life support and fluid flow
components. OSmaller components such as valves and temperature and pressure
gages are included in the CER's on a weight basis after comparing and relating
them to similar components in comparable assemblies. Component cost data are
collected as functions of different performance and physical characteristics

of each component. For example, heat exchanger costs may be tabulated as a
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function of unit weight, volume, flow rate, heat load, number of ports,

operating temperatures and the likes. The steps used in developing recurring

CER's for individusl components are as follows:

A, The components are analyred to determine which of the physical or per-
formahce characteristics tabulated as function of cost might prove
useful as predictiveivariables.

B. Costs are arrayed graphically on logarithmic scales agzinst the candi-
date variables either singly or grouped. The mosgt promising of these
arrays are selected on the basis of a subjJective analysis which con-
giders the appropriateness of the variables, the form and slope of the

curves, and the relative aspects of component costs.

In esteblishing the cost of a system,.CER's are developed or identified for
each of the pertinent components in the system and then added up in a building

block fashion to obtain the total system cost estimating relationships.

Utilizing the above procedure in a number of aerospace applications, it was
found possible to relate costs to physical, design, and performance character-
istics and, within limits, to project these relationships to more advanced

systems.

An example of the development of a recurring CER for a component is best illus-
trated by a CER developed for a heat exchanger and summarized in "Cost Analysis
of Life Support Systems, Summary Report," McDonnell Douglas Report No. MDC
G=4630. Cost data for six Cemini FCS heat exchangers were used to develop the
CER. The cost and technical characteristics of the six heat exchangers are
given in Table 3-1. A =tudy of the values in the Table indicates that neither
the flow rates nor the heat loads can be correlated with the %irst unit costs
ghown. The heat exchanger costs, however, were found to increase progressively
with unit weight and were used to establish a weight/cost relationship. The
resulting data were then normalized, at 10 pounds per heat exchanger, to

negate the effect of weight differences. The normalized cost data were found

to have a linear relation with cost, when plotied on logarithmic paper. A good
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Table 3-1
COST AND TECHNICAT, CHARACTHRISTICS OF HEAT EXCHANGERS

Types of Heat Weight Flow Rate Heat Load No. of First Unit

Exchangers b Lb/Hr BTU/Hr Ports Cost#
1. Regenerative 1.33 81 I, 720 L 1,756
2. Ground Cooling 2.19 Los 17,300 6 ~ L,822
3. Cryogenic 5.29 80 1,099 T 7,07h
4. Cabin 12.38 40 £80 6 7,659
5. Suit 19.00 80 1,500 10 - 19,652
6. Water Boiler - 22.60 183 11,200 13 34,851

¥1963 dollars

fit for the combined relations, showing heat exchanger weight varying as a

function of its weight and number of ports, is given as follows:

Heat exchanger First Unit Cost C = 116 FINF WO'26T Npl'905 dollars
= heat exchanger weight, 1bs
Np = number of ports per heat exchanger, and
FINF = inflation factor for converting 1963 dollars into current dollars.

The calculated heat exchanger cost, utilizing the CER, was found to have an
average difference of 6.3% from the actual costs of Table 3-1. The heat
exchanger CER was alsoc multiplied by a factor = QO'89 to account for Q, the
number of heat exchanger units fabricated. The cost of valves asscciated with
the operation of the heat exchanger was considered to be proportional to their

weight, WOC’ as based on experience with similar systems. An inflation factor
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of 1,64 was used to account for the inflation of 1963 dollars into 197k

dollars. Accordingly, the resulting heat exchanger CER was calculated as
follows:
¢ = 190 WO'26TNp1'905QO'89 + 3551 W, dollars

Other individual component CER's were calculated in the same manner used in
developing the heat exchanger CER. The CER's for the different life support
components developed during the study were checked, utilizing data obtained
from Apollo and Skylab programs. The derived equations agreed favorably with
actual component costs. Three Skylab heat exchangers were used for a validity

check of the heat exchanger CER.

An inflation factor of 1.197 was used to account for converting 1963 dollars
into 1970 dellars. The results are shown in Table 3-2, which shows an average

error of approximately 6%.

A summary of cost estimating relationships (CER's) used to estimate the

recurring cost of components and/or assemblies of Spacelab experiments and ‘sub-
systems hardware is presented in Table 3-3. Component and assembly costs are
given in Table 3=3 as a function of significant characteristie or performance

parameters, such as weight, volume, frequency and power reguirements.

Table 3-2
APPLTICATION OF HEAT EXCHANGER CER TO SKYLAB HARDWARE

Actual
Welght No. of Calculated Cost, Error
Heat Exchanger Lbs Ports Cost, $ 1970 $ %

Skylab regenerative heat
exchanger L,26 e 2868 2663 7.6
Bkylab primary oxygen
heat exchanger b6 4 2936 287L 2.1
Skylab ATM and ground
coocling heat exchanger 6.46 6 6971 6Lz 8.2
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Tghle 3-3

COST ESTIMATING RELATIONSHIPS FOR MAJOR COMPONENTS/ASSEMBLIES

(in 1974 Dollars)

Cost kelimating Relationship,
Component/Assenbly Dolliars Notes
%]
Air Blower, Fan C o= hs.8 PBD'QI' QO'SQ + 2630 WOC PB = blower’s electrical power inpul,
watts
) = mumber of unils uscd
WOC = weight ol associated components, lbs.
CO, and Odor Canister C=19,038 v 0'26",12;0'559 + 3551 W W = canister weipht
? T CAN ot CAN ) -
a. .
Condensing leal Txchunger C =190 W” 267 NP-I -905 + 3551 WOC WH = rondenser weipght, lbs.
NJ” = number of ports per condenser
" _ 0.267 - B 3
Condensate/Water Tank ¢ = 2302 V’]‘ + 3551 WOC VT = volume of condensale Lank, ft
lemperature snd Humidity C = 575k (WC + wo} W = controller weight, lbs.
Nontroller '
. . 03T | 4ee _ , 3
Oxypen/Hitrogen Tank C o= 2230 VCT + 3551 wDC Vr"J) = paseous tank volume, Mt
¢
Migh Pressure Gas ¢ = hoBo W QO'8 W, = Regulator assembly weight
Hegulator Assembly
Oxyeen/Nitrogen ¢ = 326 wv + 3600 N + 6000 5 wv = weighl. of valves and pressure and
Conlruller Assembly MNow sensors, lbs.
M = mumber of controllers
S = number of oxygen parlbisl pressure
Sensors
Cabin Pressure Reliefl ¢ o= Tl w W, = cabin pressure veliel valve weight
CR CR ?
Assombly ibs.
Alrlock Pressurlzation C = 2220 WA wﬁ = alirlock pressuriecation assembly
Asgembly weight., lhs.
) 0.942 0. 2 .
Coolant Pump and C =109 P 9 Q,O 85 + PEO“VO 67 J’P = pump's eleclrical power input, watts
fecumulator
1 aEq
3551 WOC
Temperalure Uontroller C o= 2304 W, + 5700 W, + 3551 W.,. W = welpht of temperature control valve,
Azsembly - “ Rt + ibs.
W2 = welghti of temperature controller, Ths.
2 N Lohg
Avioniuvs Cooling Assemhly c =191 WHO' 67 Npl 905 4 109 }’no e
o.89
+ 2
Q 351 W,
Particulate Filter C o= 2500 ‘.'.'F Wr, = particulate filter weipht, lbs.
. X s _ n.267 0,265 . e s .
Calalytic Oxidizer C = 150 (WCB + LWH‘]' ) ch = patalytic oxidimcr weight, lbs. -
NHT = heazlter weight, 1lbs,
Catalytic Oxidizer ¢ = 575k Vi Vioy = controller veight, lbs.
Controller
. . 0.4835 2
Research Centrifuge C = 2000 A A = centrifuge swept area, ft°
Btructurs/Turntable
: 0.9k B0
Drive Motor and Cear C = 59,7 PM = pU O3 685 Wy Fiy = pover input to motor, watts
Train
¥ = opersating frequency, Hw
WG = pgear train weighb, 1bs.
Restrnined Primate Vaste | 0 = sooa® 59 + 3551 W,
Management Assembly
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The integration costs of components and assemblies into systems or subsystems
are obtained by the use of integration factors derived in a preceding study

and given by the follocwing equations:

A, Bubassembly fabrication cost Si = 1.1 x component fabrication cost

n
B. First unit assembly cost = 1.833 x E: Si
i=1

Additionally, the total hardware cost is estimated through the utilization of

the following learning curve formula:

jo3
C, = > Cp Q(l"b)

Q=1
where
CT = total hardware cost
n = quantity of hardware purchased
CF = first unit cost
v = learning curve slope

The learning curve slope, b, is derived as a composite of the Q0% learﬁing
experienced on labor and the 95% experienced for materials. The resulting

learning curve is a 93% curve (b = 0.1047). C., the first unit cost, can be

F’
for one assembly or for the total system.

3.2.2 Development of Non-Recurring Cost Estimating Relationships

Non~recurring CER's have been developed for engineering design accomplished
during the design and development phase. Other non~recurring cost estimates
are based on the cost breakdown ratics presented in Table 3-4, which are
average values obtained from analyzing the environmental control system (ECS)
cost data of the Gemini spacecraft and are assumed representative of cost-
effective ECS %ggglopment. The engineering degsign CFR was based on the

analysis of a number of cost influencing parasmeters which indicated that
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Table 3-h

REPRESENTATIVE LIFE SUPPORT SYSTEM
NON-RECUREING EXPENDITURE BREAKDOWN.

—
Cost Breakdown, %
Cost Ttem Including GSE Excluding GSE

Engineering design i7.31 21.41
Program management 1.29 1.60
General and administrative 8.94 11 06
System engineering 5.hs 6.T4
System integration B.67 10.72
Development, qualification 10.45 12.92
and reliability tests .
System test 8.48 10.49
Non-accountable test hardware 1.73 2.14
Specifications, vendor coordi- 14.13 1747
nations and procurement expense
Minor subcontracts 0.39 G..8
Tooling h.o2 h.oT
Ground Support Equipment (GSE) 19.1k -
Total 100.90 100.0

design cost is mainly a function of the number of component types (N} in each

system and is given by the following relation:
Engineering design cost CD = 41,922 N + 123,530 dollars

The system's non-recurring cost is then obtained from applying the values
listed in Table 3-4% to the engineering design cost. The non-recurring CER's
developed were applied to the latest data obtained from the Skylab program and

were found to agree favorably with actual program costs.
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3.3 QUALIFICATION OF COMMERCIAL HARDWARE

Appreciable cost reductions may be achieved if already manufactured components
are adapted for use in flight experiments. Commercial equipment, available
from industrial and aireraflt sources, would have to undergo qualification and
religbility testing to assure its flight worthiness prior to its use in space-
craft. The equipment should alsc be examined to determine if it requires modi-
fication, and the degree of modification, if any, to bring it te the status

of flight hardware. The types and quantities of materials of construction of
every component should also be estimated and used to assess 1ts outgassing
characteristics. Highly ocutgassing components are unacceptable for use in
spacecraft. The cost of modifying components, either for outgassing or for
other physical or performance characteristics are weighed againegt the cost of

designing a new component in order to assure a cost effective product.

The following methodology was used to assess the cost of the management, test

and gqualification of commercial equipment for use in flight experiments:

A. Determine typical breakdown of design and development phase expenditures
for representative flight hardware compcnents, as explained in Sec-
tion 3.2 above.

B. Delete the cost of such design and development phase functions as
engineering design and development test which are not reguired in an
already manufactured product.

C. Estimate the cost of component modifications to bring it up to flight
status.

D. Utilizing the design and development phase cost breakdown as a guide,
determine the relative costs of the functions that have to be per-
formed on the components.

E. Estimate the engineering design cost of flight-type equipment identi-
cal to that under consideration.

F. Caleculate the design and development phase cost breakdown of the

flight-qualified commercial eguipment.

Table 3-5 presents the breskdown of design and development phase cost of

representative flight-qualified commercial hardware based on the values pre-

sented in Table 5-2,ﬁyhich were then modified to account for prior design and

developnment costs. The data given in Table 3-5 indicates that the design and

39



Table 3-5

FLIGHT-QUALIFIED COMMERCTIAL EQUIPMENT NON-RECURRING CQST AS
PERCENTAGE OF FLIGHT HARDWARE

Percentage of Flight Hardware
Funetion Non-Recurring Cost

Program Management 0.65
System Epgineering 1.36 '
Qualification Test 2,64
Reliability Test L.24
Specifications, Vendor Coordination T7.07
and Procurement Expenses
System Integration 8.67
Integrated System Testing 8.48
Minor Subcontracts 0.39
Ground Support Eguipment 19.1kL

Total 52.64%

development phase cost to manage, test and flight-qualify commercial life sup-
port equipment is approximately 53% of flight-type hardware cost. This value
agssumes that the commercial equipment ?eéuires no significant modifications

to bring it up to flight hardware status. Additional modification costs should
be added to the design and development phase cost.

Recurring costs of commercial equipment include only the cost of procuring the
hardware, which should be considerably lower than the recurring cost of com-

parable flight hardware.

3.4 DEFINITIONS

The following are definitions of major cost-related terms used in this phase of
the study. Most of the terms were used in the first phase of the study. How-

ever, in detailing the cost of some experiments, some groupings of original
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terms were used to agree more closely with the terminology currently used by

NASA in defining Work Breakdown Structure (WBS) elements.

A. Engineering Design -- involves the design and analysis of individual
components and assemblies in the life support Systém.

B. Program Management —— relates to planning, organizing, directing and
controlling the project, Includes scheduling deliveries, coordinating
changes and monitoring problem areas.

¢, Bystem Engineering -- involwves system design as opposed to component
or assembly design. Includes design, analysis design support, and
total system non-separable hardware design and integration effort.

D. Development Testing -- involves testing with breadboard and‘prototype '
hardware that is required to evaluate component and assembly design
concepts and performance.

B, @Qualification Testing -- deals with formal qualification testing to
ensure that compcnents and assemblies provided meet mission performance
and design requirements.

F. Reliability Testing -~ includes component and assembly life cycle and
fajilure analysis testing'to ensure operatiecn of the system for the
required mission duration.

G. Tooling —-- involves the design, fabrication and maintenance of compo-
nent and assembly tools.

#. DNon-Accountable Test Hardware —-— includes prototype units, bread-
boards, operational mock-ups and other non-deliverable develcopment
hardware items.

I. Ground Support Equipment —- includes design and fabrication of system
test and servicing, system handling and checkout and hardware necessary
during acceptance testing and launch operations.

J. BSustaining Engineering -- includes Incorporation of changes, modifica-
tions to design and contractor's project engineering design.

K. General and Administrative —- includes overhead expenses charged as
fixed percentages of all other costs.

L. Minor Subcontractor -- includes procurement costs for minor valves,
lines and other required miscellaneous parts.

M. System Test or Integrated System Testing -- includes costs associated '

with planning, coordination, design, setup, conduct and evaluation of
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system~level development and verification test. Included also are
costs of materials, hardware and software required uniquely for
system-level tests.

Non-Recurring Costs -- costs incurred ﬁrimarily during the design,
development, test and evaluation phase of the program. Specifically,
costs incliuded relate to design, development, GSE, program management,
system engineering, test operations and hardware, specification,
coordiration and integration of system into the spacecraft.

Recurring Costs (Production) ~- includes the costs associated with
producing flight hardware through acceptance of the hardware b7y the
Government including all costs associated with: 1} the fabrication,
assembly, and checkout of flight hardware; 2) ground test and factory
checkout of flight hardware; 3) initial spares; and 4) maintenance of
tooling and special test equipment.

Recurring Costs (Operations) -- includes the costs associated with
launch operations, mission operations, maintenance and refurbishment
operations and operations to produce and replace spares and maintain

GSE.

312



Section b

SELECTED SPACELAB EXPERIMENTS

Ten representative Bpacelab experiments were selected for analysis in this
phase of the study. Eight of the ten experiments pertain to life suppoert or
life seiences technologies. The remainlng twe are general space application
type experiments, which are currently under asctive studj and consideration by
NASA for early Spacelab flights, and which were selected to provide a basis of
comparison with the life sciences experiments investigated, The experiments

chosen are the following:

vapor compression water recovery system experiment

-

RITE waste-water system experiment

Hg—depolarized 002 concentrator experiment

SPE water electrolysis experiment

boiling and condensation at‘low gravity experiment

biclogical specimen polding facility experiment

medical emphasis life sciences experiment

reséarch centrifuge experiment

cloud physics experiment

9 H o m o 49 B3 O o a m o e

space processing furnace experiment

Summaries of the analyses of each of the experiments investigated are presented
in the following paragraphs. Included in each paragraph are system descripiions,

results of preliminary designs and engineering and cost analyses.

4,1 LIFE SUPPORT AND FLUID FLOW EXPERIMENTS

4,1.1 Purpose

The life support and fluid flow experiments will be tested in the 1life supvort
experiment facility (LSEF). The LSEF is defined as a general purpose facility

capable of testing and/cr verification of flight operation of advanced life
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support subsystems or compochents. This facility will constitute a part of a
menned Spacelab, preferably on a life sciences mission., The LSEF will be
desligned to accommodate a wide spectrum cof life support experiments, especially
those dealing with equipment handling two- or three-phase flows, The'facility
will have a lifetime of ten years to support technical advances and changing
requirements in the life support technolegy. For the purpose of this study, the
LSEF is designed to accommodate the following diversified life support subsystem
and fluid flow experiments: 1) vapor compression water recovery subsystem;

2) RITE waste management and water recovery subsystem; 3) hydrogen-depolarized
COp concentrator; L) s0lid polymer electrolyte (SPE) water electrolysis subsystem;
and 5) boiling and condensation at low gravity. The LSEF will have the following

features:

A, instrumentation and measuring devices to support all types of life
support equipment

B. fixtures to accommodate hardware with varying geometrical shapes

C. maxirum utilization of Spacelab resources, including heat rejection
and data management

D. automated control with manual override

E. part- to full-time operaticon of one astronaut on a Spacelab missicn

F. ground refurbishment between flights.

L,1.2 Quidelines and Constraints

4,1.2.1 The life support and fiuid flow experiment program includes the defini-
tion, design, development and operations of the LEEF and experiments and the
interface requirement tc interconnect and maintain the payload and the Spacelab.
The program also includes ground operations involving experiment mission pre-
paration, astronaut,training, data evajuation and experiment refurbishment and

checkout.

h.1.2.2 Thé LSEF is a genersal purpose facility for the performance of testing
and in-flight verification of advanced life support and fluid flow experiment

hardware. The LSEF will be instzlled within the Spacelab and be transported to
and from orbit by the shuttle orbiter. The LSEF will provide the life support
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community with flexible, low—cost laboratory facility capable of accommodating
a broad spectrum of tests and experiments, with rapid user access and minimum

interference with other paylcads, the Spacelab or shuttle orbiter activities.

4.1.2.3 The baseline plan will include two flight units of the LEEF, including
the associated experiments mission preparaticn conduct, data evaluation and docu-
mentation in accordance with an assumed 1980 shuttle flight incorporating a life

sciences Spacelab pdyload,

4.1.3 Mission Descripticon

The LSEF will be flown as a part of a manned life sciences Spacelab mission.

In a nominal mission, the shuttle is initially launched to a 100-mile, 28.5-
degree inclination parking orbit where shuttle and payload systems are verified.
The system is then boosted to the 200-mile altitude where the research will be
carried out. Following the six or 30 days of planned research activities, the
orbiter will deboost and land at the launch complex. The LEEF desigh is pre-

dicated on the mission crew sizes indicated in Table L-1.

The payload has a requirement for a 10,000 class cleanliness contamination limit.
Radiation, FMI, and acoustie levels should be equivalent to earth labs during
the periods of reséarch éctivity, Orbiter attitude maneuvers must be planned

to occur at times that will not negate experiment results.

Table 4-1
SHUTTLE AND SPACELAB CREW SIZE

Total Persomnel Spacelab Personnel Available
in Orbit Crew to LSEF
Nominal l 6 ' 2-3 1
Maximum 7 3 1-2
Minimal L 1-2 1 or paritial
-
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4.1.4 Life Support Experiment Facility Definition

The LSEF is a self-contained unit with the external configuration shown in

Figure 4-1 and occupies one side of a 2.Tm experiment segment of Spacelab.

The LSEF will be dependent on the Spacelab for the following support functions:

A. heat rejection

B, refrigeration

C. pover

D. data management and communications

E. crewmember operation

The LSEF will provide the following test equipment, instrumentation and supplies:

. TIlowmeters, gas and liguid

temperature, humidity and pressure sensors

Y

mass measurement devices

.

timers

. pheotographic equipment

2 H O o @ o=

IR analyzer, and sensors for COE’ 02 and H2

[

and TOC analyzers
. radiation detectors

gas and iiquid consumables, including 02, C02, HQ, Né and water

electrical measurement devices

vacuum measuring devices

calorimetric devices

portable fans, pumps and blowers

= 2 B =R 49 Hom

. accelerometer

In addition, the LSEF will provide space for experiment specific equipment

which may be used cnly in a limited number of experiments, The LSEF also

. gas analysis equipment, including gas chromatograph, mass spectrometer,

water analysis equipment, inciuding conductivity and pH meters and COD

ineludes fixtures for mounting test specimens, as well as additional workbench

space and storage compartments.
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Figure 4-1. Life Support Experiment Facility External Configuration
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4.,1.5 Life SBuppert and Fluid Flow Experiments Description

The LSEF is initially designed to accommodate the following advanced life

support and fluid flow experiments:

A, vapor compression water recovery

B, RITE waste management and water recovery
C. hydrogen-devpolarized CO2 concentrator

D. BSPE water electrolysis

E, bolling and condensation at low gravity.

One or more of the above baseline subsystems will be flown con each Sﬁacelab
mission. The LSEF will be refurbished prior to each mission to fly only the
major equipment units and supplies necessary for that particular flight. A
description of each of the above experiments’ is given in the following

paragraphs.

4,1.5.1 Vapor Compression Water Recovery
4,1.5.1.1 Subsystem Description

A detailed description of this subsystem is presented in "Cost Analysis of

Water Recovery Systems," McDonnell Douglas Report MDC G-%632, June 1973, which
covers work achieved in the first phase of this study. A schematic of the

vapor compression recovery (VCR) subsystem is presented in Figure L-2. The
subsystem is used to reclaim water from urine, flush water and condensate.

Waste water distillation takes place in a motor-driven, centrifugal vapor com—
pression still., The still includes an evaporator, a vapor compressor and a
condenser. The evaporator is on the outer cylindfical surface of the evaporator.
The distillate from the still is filtered, sterilized and stored in the water
tanks. A bacteria/charcoal filter, & sterilizer and an ion exchange filter

are used.

4,1,5,1.2 Experiment Test Setup

The vapor compression subsystem will be instrumented and installed in the LSEF.
A pover source, nitrogen, air and transport fluid supply lines will then be con-
nected to the unit. Waste water will also be provided to the waste and flush

water tanks.
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h,1.5.1.3 Measurement Program

-Monitoring and recording of experiment parameters will be acccmplished
automatically. Pertinent experiment parameters will be displayed to the
experimenter to allow him to follow or alter the progress of the experiment.
Experiment runs will be for continuous 8-hour durations to permit full process-—
ing of a complete waste water batch per run. Parameters to be measured include

the following:

temperature - 9 locations
flow rate - 2 liquid flow rates

. pressure - b4 absolute and 1 differential pressure readings

0 o w o=

. power - total wattage to pumps (3), compression still and ligquid
separator
E. quantity — 6 water gquantity measurements, one per tank
F. water analysis - conductivity, pH and T0C measurements of product
water
G. gas analysis - gas chromatogrephic analysis of evaporator vapor

samples

4.1.5.1.4 Experiment Design Requirements

The vapor compression subsystem design requirements are based on the subsystem

operating characteristics given as follows:

s
i

S
]

urine gnd urine flus

5.4% 1hs/man-day

commode Tlush (input) = 3.30 lbs/men-day
wash water brine (input) = 6.55 1lbs/man-day
non-metabolic condensate (input) = 6.6l 1lbs/man~day
potable water {output) = 6.53 lbs/man-day
flush water (output) = 5.30 1lbs/man-day

wash water distillate {ocutput) 10.06 1bs/man-day

The VCR subsystem used in the experiment will have a nominal one-man capacity

and will have the fecllowing requirements:

A. Electrical power input of 155 watts/man will be required for the

operation of three pumps, compression still and water/liquid separator.
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B, ECS notrogen supply lines will be connected to the liguid and gas
tanks for tank pressurization.

C. Pressurization tanks wvent to cebin atmosphere,

D. Ligquid-gas separator discharge of gases to cabin.

E. Input waste water and output potable water linés to cabin.

¥. Sampling lines.

4.1.5,2 RITE Waste Management and Water Recovery
4,1.5.2.1 Subsystem Description

A detailed description of this subsystem is presented in "Cost Analysis of Water
Recovery Systems,'" McDonnell Douglas Report No. MDC G-4632, June 1973, which
covers work achieved in the first phase of this study. Figure 4-3 is a schematic
of the RITE subsystem., The subsystem has the capability of recovering water
from all spacecraft waste materials, including feces, and can also shred and
process trash. Additionally, it automatically pumps the brine-sludge residue
from the wéter recovery unit to an incinerator that reduces the solid wastes

to an innocuous ash. All of the process heat used in the subsystem is produced
from low penalty isotopic sources. Trash, feces, wash water, and urine are
collected in the evaporator. The solids are separated by a filter and moved

by & solidés pump to the incinerator. The incinerater vacuum dries and thermally

decomposes the solids at a temperature of 1200°F.

The effluent in the evaporator is driven centrifugally by an impeller to provide
a gravitational field that permit nucleate boiling., The evaperator is operated
at 105°F and 1.1 psia. This low boiling temperature is maintzined to minimize

volatization of impurities by thermal decomposition,

The steam from thé evaporator passes through pyrolysis units which are connected
in parallel and nested around the RITE heat source, The high-temperature RITE
heat source superheats the incoming steam to 1200°F in the catalyst zone, The
steam passes from the pyrolysis units to the condenser where it is condensed
between 75 and 85°F at 0.5 to 0.7 psia. Non~condenssble gases in the steam

flow are vented to space vacuum from the condenser. The purified water is

pumped out of the condenser periodically and stored in the water tanks,
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h.1.5.2.2 Experiment Test Setup

The RITE subsystem will be instrumented and installed in the LSEF for testing.
A power source, oxygen, nitrogen, air and transport fluid supply lines, as well
as vacuum lines will be connected to the unit. Solid and liquid wastes will

also be provided for processing by the RITE subsysten,

4,1,5.2.3 Measurement Program

The measurement program of the RITE subsystem will automatically monitor and
record experiment parameters and display the pertinent parameter needed by the
experimenter to allow him to follow or alter the progress of the experiment.
Each experiment run will have a toftal operating time of 8 hours to permit full
processing of a complete batch of solid and liquid wastes. Parameters to be

measured include the following:

. temperature - L0 temperature measurements
. flow rate - two ligquld and one gas flow rates
. pressure - I absolute and 1 differential pressure readings

. humidity -~ two lacations

. water analysis - conductivity, pH and TOC measurement of product water

A

B

C

D

E, quantities - 7 water quantity measurements, one per tank

F

G. gas analysis - gas chromatographic measurements from T locations
H

. power — total wattage to pumps (4), shredder, separator, auger, blower,

incineratcr and blender.

4.1.5.2.% Experiment Design Requirements

The RITE subsystem design requirements are based on the subsystem operating

characteristics given as follows:

A. urine input tc urinal 3.5 1bs/man-day

B. alr flow to urinal during

20 CFM
0.3 lbs/man-day

urination

C. Tfeces input
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u

D. input respiration and perspiration S 1bs/man-day

u

6 lbs/man-day
0.3 1lbs/man-day
0.6 1bs/man-day

Lo CFM
13.5 1bs/man-day

E. wash water input

i}

F, +trash input, sclids

1}

G. amount of water in trash

H, air flow to blender during defecation

H. subsystem water cutput

The RITE subsystem used in the experiment will have a nominal one-man capacity
and will have the following requirements:

A, coolant flow at 35 to 50°F = 0.25 GPEM/man

B. 10~3

and 100 mm Hg vacuum sources te condenser, incinerator and
insulation Jacket

C. nitrogen supply line to storage tanks, commode, incinerator, and solids

puzp

oxygen supply line to pyrolysis charmbers and incinerator

. cabin vent lines for tanks and pumps

sterilizer air line to cabin

ECS condensate line to flush water delivery line

input waste water and output potable water lines

H = @ = g

. sampling lines

4.1.5.3 Hp-Depolarized CO» Concentrator (HDC)

W1,

5.3.1 Subsystem Description

A detailed description of the HDC subsystem is presented in “Cost Analysis of
Carbon Dioxide Concentrators,” McDonnell Douglas Report MDC G-4631, June 1973,
which covers work achieved in the first phase of this study. A schematic
diagram of the HDC subsystem is presented in Figure L-4, The subsystem is
comprised of a hydrogen-depclarized cell module, water accumulator, pProcess
alr blower, air heater, cooling air blower and associated ducting, valving and
ingtrumentation. Cabin air is supplied t¢ the cathode side of the cells vhere
it is depleted of CO2 and returned to the cabin. Hydrogen is supplied to the
ancde side of the cells where it reacts with hydroxyl ions to produce water

and electrical power,
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%.1,5.3.2 Experiment Test Setup

The HDC unit will be instrumented and installed in the LSEF for testing. An
electrical power source, oxygen, nitrogen, hydrogen, air and water supply

lines will then be connected to the HDC. Either cabin alr or stored mixtures
of CO2 and will be supplied to the unit for processing as part of experiment

operation. Product CO2 will be stored in an accumuwlator.

4.1.5.3.3 Measurement Progran

Experiment parameters will be monitored and recorded automatically throughout
the experiment duration, Pertinent experiment parameters will be displayed to
the experimenter to allow him to follow or alter the progress of the experiment
at any time. The experiment will be run continuously for the entire mission
duratioﬁ. The HDC will be run at normal steady-state loading for 3 weeks, with
the remaining week devoted 4o transient loading and stop and start condition

runs. Parameters to be measured will include the following:

A, .temperature — 5 locations

B. pressure - 2 locations, absolute pressure

C. humidity - 2 locations

D. gas analysis - gas chromatography and 002 analyzer for inlet and
return cabin alr and for product gases. Also, hydrogen sensors for
for return cabin air and product gases.

E, flow rates — 3 gas flow rate measurements

4.1.5.3.4 Experiment Design Requirements

The HDC subsystem design requirements are based on the subsystem operating

characteristics given as follows:

[}

A, design CO, removal rate 2.2 lvs/man-day

2
B. atmospheric flow rate, maximum = 10 COFM/man
C. COE rartial pressure, maximum = 3.0 mm Hg
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D. coolant air flow rate, intermittent 35 CFM/man
E. power requirement, AC = 50 watts/man

20 watis

F. instrumentation power requirement, DC

The HDC used in the experiment will have a one-man nominal capacity and will

need the following interface requirements:

A. cabin air supply duct

B, cooling air line

C. hydrogen supply line

D. nitrogen supply line

E, water supply line

F. 002 and hydrogen return line to 002 reduction subsystem
F, return purified air line to cabin
H

. g£as analysis lines.

4,1.5.4 SPE Water Electrolysis Subsystem
h,1,5.4.1 Subsystem Description

4 detailed description of the SPE electrolysis subsystem is presented in "Cost
Analysis of Oxygen Recovery Systems,' McDonnell Douglas Report MDC G-L633,

June 1973, which covers work achieved in the first phase of this study. A
schematic diagram of the S5PE subsystem is presented in Figure h-5.- The sub-
system is comprised of electrolysis modules, pumps, delonizer columns, filters,
heat exchangers, gas/liguid separators, pressure regulators, valves and associ-

ated components.

The mode of operation of the BPFEL electrolysis subsystem is by water feed to the
cathode or hydrogen side., Since the electrolysis occurs at the anode, however,
water required for this reaction diffuses through the solid polymer electrolyte
at & rate just egual to that required for oxygen generation. The generated
oxygen will be saturated at the cell temperature and pressure, but will contain
no ligquid water. The oxygen 1s discharged to a back-pressure regulator which
iz close—coupled to the electrolysis module and is set to maintain oxygen

pressure at 60 - 63 psia. The dew point at the regulater valve inlet will be
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approximately 100°F, and that at the outlet will be a functicn of the
downstream pressure. Free liquid water for cooling will remain on the cathode
side and will exit in a two-phase mixture with the generated hydrogen. This
mixture then passes through the hot side of the regenerative heat exchanger to
transfer heat to the incoming process water to the electrolysis module,

4,1,5.4.,2 Experiment Test Setup

The SPE subsystem will be instrumented and installed in the LSEF for testing. _
An electrical power source and water supply lines will then be connected to the
SPE subsystem. Hydrogen output of the subsystem will be stored in an accumulator
for possible use later in the HDC experiment. The SPE subsystem's oxygen out-

put will be delivered for use in the cabin atmosphere,

4,1.5,4.3 Measurement Program

The measurement program will include the automatic monitoring and recording of
experiment parameters. Periinent parameters will be displayed to the experi-
menter to allow him to follow or alter the progress of the experiment at any
time. The experiment will be run continuously for the entire mission duration.
The SPE subsystem will be run at normal steady-state loading for 3 weeks; with
the remaining week devoted to transient loading and stop and start condition

runs. Parameters to be measured will include the following:

A, temperature - 12 locations

B. pressure - 3 locations, absclute pressure

C. humidity - 2 locations

D. ges analysis - gas chromatography and oxygen and hydrogen sensors will
be required to analyrze inlet and outlet gases abt the electrolysis
module and the HE/HEO phase separator,

E. flow rates - 2 gas and 5 liguid flow rate measurements.

L,1.5,4.4 Experiment Design Requirements

The SPE subsystenm design reguirements are bhased on the subsystem operating

characteristics given as follows:

A, oxygen reguirement 2.0 1lbs/man-day

B, hydrogen output rate 0.39 1lbs/man-day
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. water coolant flow rate = 10 1lbs/man-hour

D. input power, continucus = 635 watts/man

The SPE water electrolysis unit used in the experiment will have a one-man

capacity and will have the following requirements:

. electrolysis meodule voliage = 40 to 60 VDC

. ingtrumentation voltage = 25 to 31 VDC

. power input = 386 to 463 watts/man

. electrolysis current = 10 to 12 amps/man
instrumentation power = 20 watts

liquid coolant supply line

50°F
217 BITU/hr/man

liguid coolant temperature

maximum cooling reguirement

make-up water supply line

~ H B o H B U o ko

hydrogen return line to 002 reduction
subsystem

K. water wvapor vent line to cazbin

4,1.5.5 Boiling and Condensation at Low Gravity Experiment
4.1.5.5.1 Objective

The objective of this experiment is to determine the conditions under which
nucleate boiling and condensation can be sustained in near zero—gravity con-
ditions. A variety of submerged surfaces will be studied while subjected to
varying heat fluxes and orientations. The vapor evolving from the heated
liguid will then be condensed to collect its heat transfer data. Heat transfer
research dealing with nucleate boiling and condensation relates to the broad
objectives for development of technelogy for highly reliable systems to support
and protect man and enhance his capability to perform space flight aperations
and is applicable for developing life support systems for long-duration missions
which are essential to lower cost centralized earth-orbiting bases, long-
duration specialized stations, and lunay and planetary exploration wvehicles,
Data on low-g nucleate bolling and condensation are necessary in order to

design boiling heat transfer equipment ipasmuch as this process is commom to
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virtually all of the 1ife support and other components and systems with phase
change procegses. This experiment will previde basic data necessary to design
and qualify efficient and practical spacecraft equipment which rely on boiling

and condensation heat transfer as an initegral process,

4.,1,5.5.2 Experiment Descripticn

This experiment consists of evaluation and confirmation of theory regarding

the processes invelved in nucleate bolling and condensation under zero-g
conditions. A wvariety of geometric surfaces immersed in a liguid will be heated
at various flux levels and incipient boiling observed.' A number of condenser
surfaces will alsoc be used to cbtain data necessary to assess the mechanisms

of condensation in near zerco-gravity conditions., The experiment will provide
basic data necessary to design and qualify efficient and practical life support
eqguipment which rely on beolling and condensation as integral processes. The
research results will take the Torm of heat fluxes versus heating element
temperature at varying pressures and accelerations. Additionally, movie film
records will provide data on bubble generation, break-off, condensation and
motion which are essential 4o the satisfactory solution of phase separation

problems in very low-g equipment.

The apparatus used to assess nucleate boiling at low gravity is a cylindrical
aluminum tank, one foot in diameter, 1.5 feet tall and filled with liquid. A
punp is used to circulate fluid in the test loop and thus provide a degree of
forced convection to help remove the bubbles from the heated surfaces, Viewing
portholes are provided on the sides of the tank for visual observation and
photographic purposes, Cameras will be placed 90 degrees apart to help define
the 3-dimensional position of the bubbles. Several shaped surfaces, such as a
sphere, horizental plate, thin tall plate and a cylinder; are located at the
bottom of the tank., Electrical heaters are imbedded within the surfaces to
supply the heat fluxes required for experiment coperation. A gridded surface,

a scale and a clock also are provided for use in determining the size and break-—
cff speed of the generated bubbles. A light source is used to illuminate the

tank during the experiment run.
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A phase separator 1s placed downstream of the boiler and is used to separate
the evelving vaper from the liquid. The vapor is delivered to the condenser
where a number of condensing surfaces, with varying geometries, are used to
evaluate the effects of low gravity on condensation. Coolant flow to the
condenser is varied by Lhe use of a manual valve to provide variable heat
removal rates. A subcooler is placed downstream of the condenser to liquify
any vapor emanating from the condenser. Liquid from both the subecoler and
the phase separator are routed to a reservoir. A pump is then used to pump
the liquid into the beoller and through the loop. An accelerometer is used to
record levels of acceleration during the experiment. A schematic diagram of

the nucleate boiling and condensation experiment is shown in Figure h-6.

The experiment apparatus will be placed in the Spacelab's life support experi-

ment facility which will support its operation and supply all required inter-

faces.

4,1.5.5.3 BExperiment Installation and Operation

The nucleate boiling and condensation experiment apparatus will be installed in

the Spacelab's life support experiment facility and the following experiment

setup tasks performed:

A, Connect coolant fluid lines to the condenser and subcooler.
B. Connect power source to pump and phase separator motors,

C., Connect make-up liquid source to reservoir.

D. Connect instrumentation and measurement devices, indicated in Figure L-6

to signal conditioning and/or monitoring and data management equipment.

Fach experiment run will involve heating the surface to be tested for nucleate

boiling, controlling fluid flows to the condenser and subcooler, initiating

the circulating pump and monitoring and recording test parameters. The experi-~

ment will be conducted at a number of selected gravity levels. Parameters to
be considered include: start of bubble formation, number of bubbles, bubble

size and velocity, gravity level and direction, test liduid and vapor flow
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rates, coolant Tlow rate, power input to pump, liquid quantity in reservoir,
surface temperatures and fluid temperatures and pressure. Movie film records
will provide date on bubble generation, break—off; and motion, the onset of
condensation and condensate formation on various surfaces, all of which are
esgential to the satisfactory sclution of phase separation problems 1in very

low-g equipment operatiocn.

The experiment operation and data collection will be auvtomatic, subject to

manual change of run conditions or interruption of operation by the experimenter.

4,1.5.5.3.1 Measurement Program

The measurement program will include the automatic monitoring and recording of
the experiment parameters and the @display of pertinent parameters for the
experimenter to allow him to follow or alter the progress of the experiment,
The experimenter may also adjust heater test surface positions of fluid flow
contrels to obtain the desired experimental conditions. Each experiment run

is expected to extend from 5 to 30 minutes, following the attainment of steady-

state conditions. Parameters Lo be measured include the following:

A. temperature - 8 surface and 16 fluid positions

B. pressure - 7 positions, as indicated in Figure L-6

C. power input - electrical power to pump, phase separater and each
boiling surface

D. acceleration - accelerometer to measure acceleration prior to and
throughout experiment duration

E., bubble activity - measurement of size and motion of bubbles in beoiler
will wtilize a gridded surface, a scale and a digital clock. Cameras
will be used to monitor and record bubble activity for analysis at a
later date.

F. flowmeters - to measure test liquid and vapor flow rates and also to

measure the flow of coolant fluids intec the condenser and subcooler,

4,1.5.5.3.2 Crew Skills and Task Times

An experimenter is required to initiate each experiment run, adjust the cameras,
set power level, select and control position of boiling and condensation sur-

faces and terminate experiment after each experiment run. The camera films
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will be removed for processing, analysis and storage. The experimenter will
alsc.be required to manually record some of the data and perform calculations
to mske rapid assessments of experiment progress and modify or alter subseguent
runs if deemed advisable., Experience with heat transfer and fluid dynamics is

a required trew skill for operating this experiment.

4.1.6 Life Support Experiment Facility Description

The LSEF will be comprised of the console shown in Figure L-1, the fluid supply
subsystems, power distribution, signal conditicning, instrumentation and measure-
ment devices. The LBEF design requirements and fluid supply subsystem con-

Tigurations are presented in the following paragraphs.

4,1.6,1 LSEF Design Requirements

A study was conducted to study the reguirements and interfaces of the life
support and fluid flow experiments to be conducted in the LSEF. Table L-2
presents a summary of the measurements, expendables and support requirements
cbtained from analyzing the performance and coperating characteristics of the
life support and fluid flow experiments indicated, Table L-2 also shows the

commonality of megsurement devices reguired for various experiments.

L,1.6.2 L3EF Fluid Supply Subsystems

The LSEF requires the following four fluid supply subsystems to provide the

fluid flows needed for experiment operations:

. conditioned air supply

A

B. heating fluid supply
C. rcocling fluid supply
D

. vVacuum supply

The heating, cooling fluid and power supply requirements by the LSEF were found
in some instances to exceed the current Spacelaﬁ capebilities. It is recommended
that provisions be made for the following: 1) An integrated Spacelab Refrigera-
tion System to supply the LSEF requirements, and '2) A storage battery system to

supply peak power loads during LSEF experiment operations. A schematic of the
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fluid subsystems, which shows the main components and the interacting fiuid
loops, presented in Figure L-7. A discussion of each of the subsystems is

presented in the following paragraphs.

4,1.6.2.1 Conditioned Air Supply Subsysten

This subsystem is used to supply air to the experiment spparatus at widely
varying conditions of temperature and humidity. Closed loop or csebin air is

drawn into the subsystem gas-loop and heated, coocled, humidified or dehumidified
and then returned to the test unit. Gases from stored botiles may also be
introduced into the loop if & gas with different composition is desired. Included

in the air supply subsystem are the following major components.

4,1.6.2.1..1 Compressor

This is a motor driven centrifugal compressor designed for the mode-rate flow
and high pressure rise compatible with life suppori subsystems of approximately

a8 one-man cepacity. The compressor has the following characteristics at design

point:
rotetional speed 22,800 rpm
flow 35 CFM
pressure rise . 10 in HED
inlet pressure 10,42 in Hg abs
voltage, 115/200 volts
frequency 400 cps
pover 3 phase ac
current 0.3 amp
weight 5.5 1b
operating temperature range -65° to 200°F

Air flow through the compressor is controlled by the utilization of a throttle

valve upstream of the compressor or by & by-pass to the cabin.
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4,1,6.2.1.2 Air Heater

The air heater utilizes heating fluid from the LSEF heating loop to heat the
ailr supplied to the experiment module when desired. The heater has the

following design charscteristics:

air heater's heating capacity, maximum = 3000 Btu/Hr
process alr flow rate, maximm = 30 CFM
progess air inlet temperature range = 60 to 120°F
process air outlet temperature range = 120 tc 200°F

h.1,6,2.1.3 Wick Evaporator

The wick evaperator is used te humidify the air circulating in the air supply
loop, when desired. A metering pump is used to deliver water, through water
distribution tubes, to the evaporator wick. Hot air, from the air heater, is
then passed over the wick and humidified in the process. The evaporator
asgembly includes the wick, casing, water feed lines and controls. The evapora-

tor has the following performance and design characteristics:

process air flow, maximum = 30 CFM
process water flow, maximum = 1.8 Lbs/Hr
process alr Lemperature range = 60 to 200°F

Valves are provided to divert air flow around the wick evaporator by any desired

amount.

4,1.6.2.1.% Condenser

The condenser is used to cool and dehumidify the incoming air to any desired
humidity by”contrclling the amount of coolant flow from the cooling fluié supply
loop. The condenser is of the wick water separator type and has the following

characteristics:

gas side inlet temperature, minimum = LpoF
gas flow, maximum = 30 CFM
water separation rate, maximum = 2 Lbs/Hr
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liquid coolant inlet temperature Lol
water

160 Lbs/Hr

!

coolant type

coolant flow rate, maximum

4.,1.6.2.1.5 Metering Pumps

The wick evaporator pump meters a preselected amount of water to the wick
evaporator. The condensate pump receives water from the condensing heat
exchanger and stores it in the condensate tank. The metering pumps have the

following performance and design requirements:

type of pump = semi positive displacement
drive = electric motor

pressure relief = bpuilt into pump

rated flow = 0.48 gallons/hr
pressure rise = 50 psid

fluiad = water

fluid temperature = LO°F to 2h0O°F

fluid pressure in = =2 psi

inlet filter = 98% of 40w, 100%, of TO
duty cycle = .econtinuous

power input < 5 W

4.1.6.2.2 Heating Fluid Supply Subsystenm

The heating fluid supply subsystem provides heating fluid to the air heater

and to all life support subsystems experiments requiring hot transport fluids,
such a5 humidity and CO2 removal desiccant beds and water recovery subsystems.
The heating fluid supply loop comprises a heating tank with an electric heater,
a pump, filter, reservolir and associated valving and controls. Characteristices

of the major subsystem components are as follows.

4,1.6.2.2.1 Fluid Heater

A 5 Kw electrical heating element, with a rheostat to control its thermal out-
put, is used to heat the transport fluid., A storage battery is used to store

electrical energy and supply it during experiment run, as the heater power
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requirements may be higher than the system capabilities.

‘'The fiuid heater has

the following performance and design characteristics:

fluid hester's heating capacity, maximum =
process fluid flow rate, HEO’ maximum

process fluid temperature rise, maximum

L,1.6.,2,2,2 Fluid Circulation Pump

17,000 Btu/Hr
85 Lbs/Hr
200°F

[

]

The fluid ecirculation pump is used to pump the transport fluid inte the fluid

heater enclosure, where it is heated, and then circulates it through the air

heater and life support subsystem test components requiring hot fluid supply.

The circulation pump has the following

type of pump

drive

rated flow
pressure rise
fiunid

fluid temperature
duty cyecle

power

welght, with motor

gsimilar unit

h,1,6.2.2.3 Reservoir

characteristics:

The reservolr is a spherical tank, with a

and provide make-up for the heating fluid

ing characteristics:

reservoir capacity
reservoir size, diameter

operating pressure, maximum
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positive displacement
electric motor

0.3 GEM

170 psid

water

40 to 2ko°F

continuous

60 watts

3.25 lbs

Eastern Pump Model 1102

£i1l and drain valve, used to prime

loop. The reservoir has the follow-

6 gellons
T.5 inches

160 psia



L4,1,6.2.3 Cooling Fluid Supply Subsystem

The cooling fluid supply subsystem comprises a contact heat exchanger, pump,
filter, reservolr and coolant supply lines to life support test equipment. A

brief description of subsystem components is given in the following paragraphs.

4,1.6.2.3.1 Contact Heat Exchanger

The contact heat exchanger provides a means to transport heat from test compo-
nents to the Spacelab U40°F coldplate. The use of the contact heat exchanger
eliminates the need for a.liquid line interface between the LSEF and the Spacelab
at the expense of some reduction in heat transfer efficiency. The contact heat

exchanger has the following performance and design characteristies:

coolant fluid inlet temperature = 52°F
coolant fluid outlet temperature = L5°F
Spacelab coldplate operating temperature = L2°F

The Spacelab coldplate will require coolant flow directly from the

payload heat exchanger to meet the requirements of the’condenser, the

low temperature refrigerator and other experiment cooling requirements.

4,1.6.2.3.2 Pump

The pump is used to clrculate the coclant between the contact heat exchanger
and the test components requiring ccoling fluid. The pump has the following

characteristics:

type of pump = positive displacement
drive = electric motor

rated flow = 55 GPH

pressure rise = 65 psid

fluid = water

duty cycle = continuous

weight, with motor = 1.75 1bs

similar unit = Fastern Pump Model 1733
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4,1.6.2.3.3 Reservoir

The reservoir is a spherical tank, with a £ili and drain valve, used to prime
and provide make-up for the coolant fluid loop. The reservoir has the size
and design characteristics as the reservoir used in the heating fluid supply

subsystemn,

L,1.6.2.h Vacuum Subsysten

The vacuum subsystem provides a vacuum pump and a cold trap loop for high
vacuum desorption processes where some of the desorbed gages are needed for
analysis or for further use in the experiment. Following are the major vacuum

subsystem components.

L,1.6.2.k.1 Vacuum Pump

The vacuum pump is designed to operate either through a cold trap or a direct

intake. The pump has the following design and performance characteristics:

type of pump = mechanical, rotary, single stage
drive = eglectric motor

free air capacity = 5 CFM

ultimate pressure = 1 micron

power, rated = 0,5 HF

4,1.6.,2.4,2 Cold Trap

The cold trap utilizes 45°F coolant from the cooiing fluid locp which is cooled
further in a low-temperature refrigerator before it is caleculated in the cold
trap Jacket at a temperature of ~T76°F. The cold trap, together with the vacuum
rpump, will be operated intermittently.

L,1,7 Cost Estimates

The LSEF equipment cost was calculated at the component level, then added up to
the assembly, subsystem and system levels. OSystem level cost elements were
then included to arrive at the total LSEF cost. A discussion of the various
cost estimates is given in the following paragraphs. Cost itemé are proviged

for both non-recurring design and development and recurring production phases.
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L,1.7.1 Fluid Supply Subsystem

A list of fluid supply subsystems components is presented@ in Table L-3, which
also includes component gquantities and weights, Equipment cost has been calcu-
lated utilizing the cost estimating relationships derived in the first phase

of this study. The CER's derivation is based on cost data from actual space
programs such as Gemini and Skylab, Both non-recurring and recurring costs

were calculated, A summary of fluid subsystems cost results, given by subsystem

and divided intoc a neon-recurring and recurring, is presented in Table 4=L,

Table W=3
FLUID SUPFPLY SUBSYSTEMS COMPONENTS LIST

Component ' Quantity . Unit Weight, Lbs
Air Compressor \ 1 1.95
Air Heater 1 8.0
Wick Evaporator 1 4.5
Condenser 1 6.0
Pump, Metering 2 1.5
Fluid Heater 1 6.0
Fluid Circulation Pump 1 2.0
Reservoir 2 3.0
Contact Heat Exchanger 1 4,0
Coolant Pump 1 2.0
Vacuum Pump 1 12.0
Cold Trap 1 2.5
Valve, Air, Shutoff, Manual 5 0.75%
Valve, Air, Check 1 0.50
Valve, Liguid, Shutoff, Manual 1k 0.35
Valve, Vacuum 2 1.5
Filter, Liquid 1 0.25
Filter, Air 1 | 0.5
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Table L-L
LSEF FLUID SUBSYSTEMS COST ESTIMATES

Non=-Recurring Recurring Production
Subsystem Cost, Dollars Cost, Dollars Total
Conditioned Air Supply 1,877,240 98,335 1,975,575
Heating Fluid Supply 645,390 34,009 679,399
Cooling Fluid Supply 552,025 29,080 581,105
Vacuum Subsystem 485,995 25,610 511,605
Total 3,560,650 187,03k 3,747,694

4.1.7.2 Power Contrecl and Distribution Subsystem

This subsystem comprises a power monitcring panel and power distribution and
control equipment, The subsystem receives power from available bus lines or
battery storage system and distributes it according to the reguirements and

characteristics of individual measurement devices and test equipment. Power

control and dislribution costs are given as follows:

$210,000
$125,000

ncn-recurring cost

recurring production cost

h.1.7.3 Console

The cost of the LSEF console includes the integration, assembly and checkoub
of the conscle, including the panel asserblies, instrumentation and displays.

The cost of the consoles is given as follows:

conscles non-recurring cost =  $660,000
conscles recurring production
cost = $397,450

4,1.7.4 Data Management

The data management subsysiem comprises the experiment menitoring instrumentation
and the data acquisition, contrel and storage. - The Spacelab computers will

process, display, store and/or telemeter the data, as reguired., The data
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management and interface electronic eguipment cost includes the signal
conditioners and other experiment eslectronic interface equipment, as well as
procuring and installing physiological and environmental instrumentation. The

total subsystem cost is given as follows:

data management subsystem

non~recurring cost = $470,000
data management subsystem
recurring production cost = $280,000

4,1.7.5 Experiment Hardware

The experiment hardware utilized in the life support and fluld flow experiments
is divided in two categorlies. The 1ife support equipment is comprised of scaled
and/or modified models of life support subsystems developed in previous NASA SRT
programs. Fluid flow experiment hardware, on the other hand, is made of new
equipment developed specifically for the experiment program. The hardware cost

of both types of experiments is given in the following paragraphs,

4,1.7.5.1 Life Support Experiments

Cost estimates of life support experiment hardware is presented in Table L-5.

The development cost estimates shown in Table U-5 represent the cost of eguipment
modifications necessary for developing the experiment hardware. Production
costs of one-man units to be used in the experiments were based on technical
Judgment and experience with costs of scaled models and are thus estimeted at
half the cost of six-man flight units whose cost was developed in the first
phase of this study and reported in McDonnell Douglas Reports MDC G=h631,

MDC G-1632 and MDC G-4633, all dated June 1973.

Table L4-5
L1FE SUPPORT EXPERIMENT HARDWARE COST

Development Production
Experiment Cost, Dollars Cost, Dollars
Vapor Compression Water Recovery 200,000 525,000
RITE Waste and Water Recovery 400,000 505,000
Ho-Depolarized 002 Concentrator 100,000 550,000
SPE Water Electrolysis 250,000 550,000 |
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4,1,7.5.2 Boiling and Condensation Experiment

The cost of the boiling and condensation experiment hardware alsc was estimated
at the component level and then summed up t¢ obtain subsystem cost. Allowances
were made to account for integrating, packaging and testing at the subsystem
level by the introduction of cost factors cbtained from previous program costs.
Cost estimating relationships developed in the first phase of this study were
used to establish component costs. Table L-6 presents a listing of the boiling

snd condensation experiment components, as well as their guantities and unit

welghts.
' Table 4-6
BOILING AND CONDEKSATION EXPERTMENT COMPONENTS LIST
Component Quantity i Unit Weight, Lbs

Boiler 1 b
Phase Separator 1 3.5
Condenser Separator 1 6
Subcocler 1 4
Reservoir 1 8
Circulation Fump 1 2.5
Flow Meter, Liguid L 1.0
Filter, Liquid 1 0.25
Valve, Gas 1 1.5
Valve, Liquid 6 0.5
Quantity Sensgor 1 0.05
Temperature Sensor iz 0.02
Pregsure Sensocor J 7 0.05

A summary of the costs of the boiling and condensation experiment hardware is

given as follows:

boiling and condensation experiment

hardware development cost = $2,144,000
boiling and condensation experiment
hardware production cost = $ 230,000
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4.1.7.5.3 Life Support and Fluid Flow Experiment Hardware Total Costs

The total costs of the life support and fluid flow experiment hardware, obtained

from the above two paragraphs are the followlng:

experiment hardware

development cost = $3,00k4,000
experiment hardware
production cost = $2,360,000

4.1,7.6 Final Assenbly, Integration and Checkout

This cost item includes the integration of the experiment assemblies in the

L8EF and providing the necessary interfaces with the Spacelab subsystems.

Final subsystem checkouts, including ground support system interfaces, are

also included in this cost estimate. The cost of this item is as follows:
final assembly, integration

and checkout non-recurring
cost = $1,156,635

4,1,7.7 Life Support Experiment Facility Cost

The LSEF cost is obtained from the summation of all the cost items listed in
the above paragraphs. UNote that the resulting cost represents only hardware
costs and does not ineclude project level costs such as logisties, flight

operations, ground support, faciiities and principal investigator operations.

$9,151,285
$3,349,483

LSEF development cost

LSEF production cost

L,2 BIQLOGICAL SPECIMEN HOLDING FACTLITY EXPERIMENT
4.,2.,1 Objective

The objective of this experiment i1s to understand the role of gravity in growth,
development, physiclogy and behavior of organisms. A biological specimen hold-
ing facility 1is used in which testing is conducted on six instrumented and

restrained rhesus monkeys and two unrestrained rhesus monkeys. The six rhesus
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morkeys are used in the experiment to provide an adequate statistical sample.
The two unrestrained monkeys are used as control specimens to provide a basis

for estimating the effects of restraint on the animals.

4.2,2 Description

Figure L-8 shows the layout of the animal holding cages and support eguipment
as part cf an integrated biological specimen holding Tacility which includes
Drimates, small vertebrates, invertebrates, plants, cells and tissue cultures.
The total facility is designed on a modular basis, so zs to permit the experi-—
menter or system designer to use any one or compination of specimens for a
particular mission. The hcolding cages used in the facility utilize only two
envelope sizes compatible with tlie current design of the Spacelab. The cages
and laboratory support equipment are designed to it the standard 19- or 38—

inch wide Spacelab racks.

The primate holding Tacility is comprised of the following subsystems and

support eguipment:

A. Environmental Control Subsystem - This subsystem provides thermal,

humidity, CO, and contaminant control for the primates. The environ-

mental contril subsystem has been oversized to accommodate 20 small
vertebrates whenever they are included in the facility. Oxygen for
the specimens is obtained from a small amount of air drawn off from
the cabin and returned to the cabin after being filtered. Ailr in
cages is kept at a slightly lower pressufe than that in the cabin to
minimize the spread of animal odors to the Spacelab cabin atmosphere.
The lower pressure is attained by locating the air supply to cages

at the suction side of system blower. No additional equipment is

needed for this purpose.

B. Waste Management - PFecal and urine bags are used tc collect the

restrained monkey's wastes. The primates are catheterized and restrained
in their seats to insure proper flow of urine and feces into the hags.
Technical judgment was used to assess the complexity of waste manage-
ment units of the unrestrained monkeys. No attempt was made to design
the wnrestrained monkey's waste mansgement units in this phase of the

study.
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C. Food and Water Assemblies - Food is provided from a pellet dispenser

which may be activated by commands from psychomotor ftest panel.

D. Instrumentaticn, Controls and Data Management Subsystem - This

subsystem monitors both the envirommental conditions in the cages and
the primates' physiological parameters obtained through the use of
implanted sensors. The data are relayed to the computer, displayed

on & controls and displays console, reduced and stored, or telemetered

to ground.

F. Holding Cages - The cages are designed to accommodate the primates and

their support equipment and provide interfaces with the environmental

control, water storage and data management subsystems.

F. Refrigerator and Freezer — These units provide cold storage for

biological samples. Freezing temperatures of -20°C and -60°C are

provided, with the lower temperature reguired for blood samples.

G. Photographic Assemblies - Cameras are provided inside each cage and

are activated either when the primates perform specific functions on
the psychomotor test panel or by command from the data management

subsystem. ¢

H. Power Control and Distribution - This subsystem comprises control and

distribution egquipment to supply and manage experiment power supplies,

Cost estimating methods have been employed to cost all subsystems and equipment
and mzy be used to cost other facilities with varied sizes or eguipment alloca-
tions,. The cost of the instrumented primates and the costs of ground support

egquipment and facilities were not inecluded in the caleulations. The estimated

costs of the facilities' subsystems and equipment are summarized as follows:

1. Envirommental control subsystem 34,321,943
2., Waste management 612,310
3. Food and water sssemblies 717,480

Y, Instrumentation, controls and date management 620,938

5. Helding cages 1,982,018
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Refrigerator and freezer: 784,044

6

7. Photographic assembly 179,255
8. Holding facility construction interfaces 129,983
9. Power control and distribution 350,377

Total 9,698,348

A description of the primate holding facility's subsystem and equipment, their
performance and cost estimating relationships is presented in the following

sections,

4,2.3 Environmental Control Subsystem for Primates and Vertebrates

The environmental contrcl subsystem (ECS) for the primate and small vertebrate
cages provides the thermal, humidity, carbon dioxide and contaminant control,
and ventilation reguirements, The temperature and humidity requirements for
biological specimen holding facilitles are shown on & psychometric chart in
Figure L4=9. Additional life support subsystem requirements are presented in
Tsble L-7. Make-up oxygen reguired for metsbolic consumption is part of the
ventilation flow. Ventilation flow is also used to ald in waste collection,
The system consists of a debris filter, two cireulation blowers, two LiOH/
activated charcoal canisters, condensing heat exchanger, water separator and
necessary valving, ducting and controls. A schematic of the holding facility

environmental control subsystem is shown in Figure h-lO.r

L,2.,3.1 Subsystem Performance

Adr is drawn from the animal cages through a debris filter to remove particulate
matter which might damage the fan or contaminate ohter components such as valve
seats and/or the surfaces of the condensing heat exchanger. Air leaving the
filter enters either of two fans which provide air movement through the system,
Two fans are used in order to utilize existing spacecraflt hardware which can
accommodate the moderately high pressure drop of the system. Air leaving the
fans is diverted by a selector valve to one of the two installed canisters to

remove C0 trace contaminants, and cdors. The two identiecal canlister

2?
assenblies and appropriate valves are installed in such a manner that each
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Table d=7

BIOLOGICAL SPECIMEN HOLDING FACILITY LIFE SUPPORT SYSTEM REQUIREMENTS

Holding Unit

Atmosphere

Primate
(Rhesus)

Bmall Vertebrate

Invertebrate

Plant

Cells and Tissue

{abin atmosphere

Cabin atmosphere

Cabin atmosphere

Cabin atmosphere

Supply different require-

(1) cabin atmosphere

ments usually in incu-
bators:

(2) air with up to 20%

co

(3) anaercbic atmosphere

(eges: 0% N

10% coe)

23

10% H,,

Waste
Temperature Humidity Management Food
TO + 5°F 50 + 10% (1) Restrained: (120 g/day per
urethral primate {+300g/
catheter & day water per
fecal bag, [|primate)
2h-hour
collection
and sampling
(2) Unrestrained:
provide waste
collection &
sampling
methods
70 + 5°F 50 + 10% May use air Experiment
‘ flow for waste |[specific
collection
b0 to T0°F 75 + 5% Usually not Experiment
required specific
T7 + 2°F TS5 + 5% Wone regquired |Supplied with
plant
varisble, 0 to 100% None required None

selectable
(100°F +
0.5°F most
common )
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canister is on line for contaminant removal, The canister selected is the

same wnit as that used in the orbiter EC/LS system. From the LiOH/activated
charcoal canister air flows through the condensing heat exchanger or bypasses
the heat exchanger as required by the temperature and hﬁmidity controller.
Within-the heat exchanger the temperature of the gas stream is reduced for

cage thermal control and condensation takes place for humidity control.
Condensed moisture adheres to the surface of the heat exchanger fins by surface
tension and is drawn off by in-flow through a series of holes at the outlet.
This mixture then passes through the water separator assembly containing
redundant motor-driven rotary separators. The water is separated from the

air by centrifugal effect and delivered into the spacelab condensate storage
tank. The dry air is then returned tc the cabin. Downstream of the condensing
heat exchanger, the air which bypassed the heat exchanger is mixed with the
heat exchanger airfiow and supplied to the cages through the alr distribution
system, Air is distributed in the cages through outlets orilented to direct the
flow along the sidewalls of the cages and toward the waste collection outlet

80 a5 to provide ventilation, as well as to entrain free solid wastes and moisture
and direct them to the waste collector. A component list for the ECS is pre-

sented in Table L-8, which also shows the weight and size of the components.

4,2,3,2 Cost Estimating Relationship

Cost estimating relationships for the holding facility's ECS are given in the

foliowing paragraphs. Both recurring and non-recurring costs are included,
A. Recurring Cost Estimates:

The recurring cost estimates for each of the ECS components is given
by CER's derived from the components and presented in Table L-9., The
CER derivation is based on cost data for similar components flown in
previous space programs and modified to reflect specific component

characteristics. The recurring cost of the ECS is obtained from
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Table -5

ECS COMPORENT LIST FOR BIOLOGICAL SPECIMAN HOLDING FACILITY

Ttem

Debris and HEO filter

- gpare

Circulation blower

Odor and CO.. canister assembly

2
Yelector wvalve

Check valve
Condensing H~-X
(HEO to air)

H-X bypass valwve

Humidity and temperature controller

Temperabure readout
Temperature sensor

002 readout

CO2 sensor

O2 readout

O2 sensor

Condensate air separator

Condensate check wvalve

Unit
Quantity Size Weight (lbs)
1 3" dia x U" 2
o 3" daia x 4" o
2 sY gis x h.5" 4.9
2 3.8" dia x 1oV 6.4
2 3" x 3" ox " 1.5
i o" gia x 2" .3
l 5" x 5” e 5" 5.0
l J-l-" % 3" x 3" 3.0
1 " x 6" x 6" 2.0
1 3™ w4 ox 4" 2.k
1 l" x ll-" .9
1 3oy WMo LV 2.4
1 " x 2" 3
1 3" ox 4" ox LM 2.k
1 1" x L" .0
6" dia x 4" 3.5
LB x 1.6" .2
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Table L~Q

BIOLOGICAL SPECIMEN HOLDING FACILITY
ECS RECURRING COST ESTIMATES

(in 1974 Dollars)

Component /Asserbly

Circulating Blower Assembly

002 and Odor Canister Assembly

Condensing Heat Exchanger
Assembly

Condensate Tank Assembly

Controller Bensors and
Readouts

Cost

i3

Cost

i

Cost

Cost =

Cost

It}

Cost

Estimatirig Relationships
hS.BPO‘thQO‘BQ + 2630W, P

Q

W
19038wcm0'267520‘89 + 35510, | W

Q

W

190W

2302V

5754

0.267N 1.905

P + 3551wOC- W

0.267
+ 3551WGC v

{WC + WOC) W

ocC

ocC

Notes

blower's electrical power
input = 383 watts

number of blowers used
= 2, and

weight of associated com-
ponents = 2,1 lbs

canister weight = 6.4 1bs

number of units used = 2,
and

weight of associated com-
ponents = 2.1 lbs

condenser weight = 5,0 1bs,

number of ports per con-
denser = h,

weight of other components
= 4.8 1bs

volume of condensate tank
=1 ft3, and

‘weight of associated com-~
ponents = 0.2 1bs

controller weight = 2.0 lbs,
and

other components weight =
11.9 lbs




solving the individual CER's listed in Table U-9 and then applying
factors that account for the cost of packaging and interface hardware.

resulting in the following:

Item Recurring Cost, $
Circuiating Blower Assenmbly 28,482
Co, and Odor Canister Assembly 65, Il
Condensing Heat Exchanger Assembly 21,172
Condensate Tank Assembly 3,012
Contrcller, Sensors and Readouts 79,980

Holding Facility's ECS Recurring Cost

[t}

1.833 x 1.1 x 198,090 = 19038 x 1.6k2 x 120.89

1l

702,113 dellars

Non~-Recurring Cost Estimates:

The holding facllity's ECS non-recurring cost is obtained by utilizing
a CER developed for engineering design and adding to it the cost of
other non-recurring functions on a percentage basis by utilizing the
cost breskdown ratios given in Table 3-L4., The cost breakdown ratios
used are average values obtained from analyzing the ECS cost data of
the Geminil spacecraft and are assumed representative of cost-effective
ECS development, The costs of ground support equipment and major
subcontractors were excluded from Tasble 3-ii, The engineering design
CER was based on the anaiysis of a number of cost influencing parameters
which indicated that design cost is mainly a function of the number of
component types (N} in each system and is given by the following
relation:

Holding facility's ECS
design cost = L1,922N + 123,530 dollars

The ECB comprises 12 different component types, Accordingly, the
subsystem design cost C = 626,594 dollars.

Utilizing the non-recurring cost breakdown ratios given in Table 3-1,
the non-recurring cost of the BCS = 3,619,830 dollars.

Holding Facility's Total ECS Cost:

The cost of the ECS is thus = 3,619,830 + T02,113 = 4,321,943 dollars

4-43



L.2.4 Waste Management Subsystem

The waste management subsystem comprises a waste management asserbly and a
waste processing and storage compartment. The waste management assembly for
the restrained primates is comprised of fecal and urine collection bags which
are replaced daily. Skylab-type fecal bag are attached to the underside of

the primate's seat and are accessible through the frontal access panel as may
be seen in Figure 4-11, In addition, a waste processing and storage conmpart-
ment 1s incluued for the storage of fecal samples to be returned to earth after
the missicn. No attempt was made to design a waste management assembly for
unrestrained monkeys in this phase of the study due to the complexity of such

assemblies.

h,2,4.1 Subsystem Performance

Perforated holes in the sides of the seat are used to admit air flow to direct
the feces into the bag. Bags are provided with Zitex air filters which were
nsed in the Skylab program to Tilter particulates and bacteria from the air-
stream, The compartment housing the fecal aﬁd urine bags is provided with air
from the air distribution duct. The primate cages air supply is provided on
the suction side of the blower and is designed such as to maintain a slightly
lower pressure in the waste management compartment than in the cabin so as to
prevent odors from propagating into the cabin atmesphere. A shutoff wvalve is
provided in the return air duct to prevent the back-flow of air in the ducts
when the access panel is opened o replace used bags. Supply and return air
diffusers are aleo included in the wasite management'compartments. The urine
bags are bladder type bags with quick-disconnect wvalves connected to the
urethral catheter tubes. The fecal bags are placed in- an overhead compartment
uged for waste processing and storage. The processing is accomplished by
exposure to space vacuum in an isolated part of the compartment to minimize

gas losses to space.,

L,2,4.2 Cost Estimating Relationships

Cost estimating relationships are given in the following paragraphs for the
restrained primates' waste management assemblies. Both recurring and non-

recurring cost estimating relationships are included.

4.49



05t

AIR INLETS

~Y TO
CATHETER

CONTOUR
COUCH

. ACCESS
PANEL

.

e e ——

== ATR
FILTER
(ZITEX)

EXHAUST
DucT

L FECAL COLLECTION
BAG (SKYLAB TYPE)
- REPLACEABLE

WASTE COLLECTION
UNIT

Figure 4-11. BRestrained Primate Waste Management Unit



The recurring cost estimating relationship for the waste management assembly
is given by the following relationship based on similar assenbly costs and
on the utilization of available off-the-shelf components such as the Apollo

waste management bag.

Waste management assembly cost C = 6ODQO'89 + 35510, dollars
vhere,
WOC = welght of components other than the fecal and urine bags
= 2.0 lbs, and
Q = number of waste management assemblies required
= 6
then,
_ 0.89 _
C = 600 x 6 + 2 x 3551 = 10,060 dollars

The non-recurring coests of the waste management assembly based on establishing
a design and development phase expenditure breakdown based on actual cost data
from the Geminl program, Allowances were made for the fact that no major sub-
contractor is invoived., The resuiting non-recurring cost breakdown percentage

distribution was presented in Table 3-L.

The engineering design of the waste management assembly was assumed to require
the expenditure of 1000 man-hours, Utllizing the percentage distribution listed

in Table 3-4, we obtain the following estimate:

waste management assembly non-recurring cost = 173,310 dellars

The waste processing and storage compartment design cost is based on similar
compartments used in the Skylab program refrigeration system, and is given as

follows:

waste processing and storage compartment design cost = 59,400. dollars

4-51



The waste processing and storage compartment non-recurring cost is then obtained,

using the cost breakdown values given in Table 31,

+o be = 343,152 dollars

The waste processing and storage compartment hardware production cost is esti-

mated, alsc from Skylab experience,

to cost 25% of the design and development phase cost,
or = 85,788 dollars

The total waste management subsystem costs, including the waste management

assembly and the waste processing and storage compartment, is thus given as

= 10,060 + 173,310 + 85,788 + 343,152 = 612,310 doliars

L,2,5 Food, Water and Psychomotor Complex Assemblies

The psychomotor complex is designed to evaluate the primate's performance, to
monitor its eating and drinking behavior and to dispense the food and water to
the primate by actusting the dispenser mechanisms. The following paragraphs

present a descriptien of the food, water and psychomotor asserblies and their

cost estimating relationships.

4.2.5.1 Psychomotor Complex

The psychomotor complex comprises a psychomotor fask pansl and associated
electronics and switching devices. The panel includes lighted visual response

pushbutton, response levers and food and water light switch combinations,

h,2.5.1.3 Subsystem Performance

Details of the psychomotor task panel are shown in Figure 4-12, The visual
monitoring switch-light assenblies located on the psychomotor panel house four
incandescent ligﬁts mounted in holders inside the aluminum case. The plexi-~
glass lens, which the animal depresses, is retained by the case and the panel

face. When the animal depresses the plexiglass lens, the force is transmitted
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to the actuation mechanism, The mechanism is mounted approximately in the
center of the case and the center of the response lens. This mechanism in

turn trips the miniature switches mounted on the back surface of the case,

The audio device utilizes the same basic unlt as the visual monitor with the
exception that a speaker is mounted on the vertical panel above the psychomotor

complex.

The animal's performance of tasks is indicated by lever presses and pushbutton
action. A psychomotor program will be planned for the primate to test his
psychological behavior ahd monitor his eating and drinking habits in orbit,
The program will time-=line the primate's test, eating and rest periods. The
animal will be required to push buttons or press levers whenever reguired to
do so by either & light or an auditory signal., The psychomoctor complex will
be programmed for the animal to receive an electrical shock, food or water as
a result of his responses. The pushbuttons and levers shown in Figure 4=12

perform in the following manncr:

A. Continuous Avoidance (CA): The animal must press the CA lever in
response to the red light above the lever, at least once every 10

seconds, to avoid an electrical shock.

B, Discrete Avoidance (DA): The animal must press the DA level within
5 seconds in response to the blue light above the lever fo avold an

electrical shock,

C. Fixed Ratio (FR): The animal must press the lever 50 +times and then
pushes either the food or water pushbuttons, to obtain food or water

reinforcements.

D, Visual Monitor: The animal should respond within 5 seconds to the
blue light behind any of the five pushbuttons (A, B, C, D or E) to

avoid a shock,

E. Auditory Monitoring: Animal must respond within 5 seconds to the scund
signal from the speaker, by pushing the auditory pushbutton, to avoid

a shock.

The frequency and order of signals will be dictated by the psychomotor program.
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4.2,5.1.2 Cost Estimating Relationships

Cost estimates for the psychomotor complex are included as a part of the

enimal holding cage's construction described in Paragraph L.2.7.

h.,2,5.2 Drinking Water Assembly

The drinking weter assembly incorporates five 15-inch diameter spherical tanks
shown in Figure 4-10, the biclogical specimen holding facility ECS schematic.
The assembly provides a 32-day water supply to 8 monkeys, each consuming 290

grams/dsy for a total of Th.2 kilograms, or 163 1bs.

h.2.5.2.1 Subsystem Performance

A schematic showing the water dispensing assembly operation 1s presented in
Figure L-13., A lip lever is inset but protruding slightly from the bottom of
the drinking tube., Depresaion of'the lip lever by the animal's mouth, while
the cue light is illuminated, actuates the solenoid operated valve and delivers
a T to 8 cubic centimeters of water reinforcement. Direct current coﬁneéted
through the normally open and common points of the microswitch can be connected
in series with the solenocid valve to provide ad libitum dispensing. Thus,
every sucking response operates the valve which emits a stream of liquid.

Water may be supplied either as ad libitum or as reward for performapnce on

psychomotor tests.

The water storage tanks are bladder type developed in the LEM program; Fach
tank has a storage capaecity of 39.5 lbs of usabie water. The weight of an
empty tank is 5.7 lbs,.

L,2.5.2.2 Cost Estimeting Relationships

The cost estimating relaticonships, both recurring and non-recurring, are given
in the following paragraphs for the water supply tanks and the water dispenser

assenblies.
A, Water Supply Tanks Assembly:

The following CER is used for the recurring cost of the water supply
tanks assembly:

8
Water supply tanks cost ¢ = 2302v0-267g0+% 35514, dollars
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where,

Vv = volume of water tank, ft3
@ = number of tanks, and
WOC = weight of other components, lbs.

Substituting the values of varlables 1n the above equation,

where,
V= 1,02 £t7, G = 5 and Wy, = 6.0 Ibs, yields:
c = 28,296 _ dollars

The non-recurring cost of the tanks is estimated at four times the

recurring cost = 113,18k dollars
Total cost of water supply tanks assembly = 141,480 dollars.

‘B, Water Dispenser Assembly:

The cost estimate of the water dispenser asseubly was made based on

an estimate of the required engineering time to design the assembly
and then utilizing the design and development phase expenditure break-—
down ratios listed in Table 3~4 to obtain the assembly's non-recurring
cost, The hardware production cost was taken as = 25% of the non-

recurring cost of the assembly.

Utilizing the above assumption and assuming an engineering design time

of LD0 man-hours, the following cost estimates have been obtained:

69,324  dollars
17,330 dollars

Hon-recurring cost of water dispenser assembly

Hardware production cost

Total cost of 8 water dispenser assenblies,
utilizing a learning curve factor of

93% = 69,32h + 17,330 x 8059 \

kY

179,370 deollars

,2,5.3 Feeder Assembly

The feeder is similar to the water dispenser in that it is operated by a signal

from the psychcmotor complex., The food pellets may be supplied either ad
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libitum or as a reward for performing tasks. Each dispenser will provide the
primate with 120 grams {(0.26 lbs) of pellets per day, and hes a storage
capacity of 3.84 kg (8.5 lbs) for a 32-day supply.

4.2.5.3,1 Subsystem Performance

The feeder shown in Figure b-1k4 is comprised of a chamber with a flexible
diaphragm containing a load of food peliets. A gas source is used to apply
pressure on the diaphragm, initiating the expulsion of food pellets. A pellet
advancement mechanism, d?iven by a drive motor and a gear box, 1s used to
deliver the pellets into a rubber boot type dispenser where they are held until
removed by the subject. When a 28-volt ‘DC is applied to the sclenoid, it drives
the pellet advancement mechanism which in turn delivers a pellet into the

rubber beoot dispenser.

4,2,5.3.2 Cost Estimating Relationships

The cost estimating relationships for the feeder are obtained utilizing the
‘same method used for the water dispenser, and assuming an engineering design

time of 1200 man-hours, resulting in the following estimates:

Total non-recurring cost of feeder assembly = 207,972 dollars
Hardware production cost = 51,993 dollars
Total cost of B feeder assemblies,

utilizing a learning curve factor of

Q3% = 207,972 + 51,993 x 30'89 = 538,110 dollars

L.2,6 Instrumentation, Controls and Data Management Subsystem (ICDMS)

The instrumentation, controls and data management subsystem comprises all the
monitoring instrumentation required by the experiments, as well as data acqui-
sition, processing, control and storage. The primates will be considered to be
fully instrumented and provided with implanted electrodes and the matched signal
conditioners for the transducers which need amplification prior to input to the
multiplexérs. Full use will be made of the eguipment and capabilities supplied
by the Spacelab., The Spacelab computers will process, display, store and/or

telemeter the data, as required.
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A study was made of the most probable experiments that would be conducted on

the Spacelab primates. A listing of instrumentation and data equipment

required for the measurements involved in such experiments is presented in

Table 4=10., Each hardware item listed in the Table is identified either as
experiment—-supplicd (E) or Spacelab-supplied (8). A study of the Table indicates
+thet in addition to the instruments and signal conditicners provided with the

primates, the following equipment should also be supplied with the experiments,

A. Oscillograph (1)

B. Mass Spectrometer (1)

C, Air Flow Transducers (kL)

D. Air Temperature Transducers (&)

E. Humidity Transducers (k)

Additionally, an experiment control module will provide the experimenter with

s switching capsbility to select between experiments and display those which
he requires to monitor. The experiment control module will be installed in

the holding facility's control and displays conscole., The air temperature, flow
and humidity transducers will be mounted to monitor the inlet and outlet air

in two of the cages, one for restrained and one for unrestrained primates.

The oscillograph and mass spectrometer will be located in the controls and
displays console which will also display air temperatures, flow and humidity

and the primatefs physiological parameters,

4,2,6,1 Cost Estimating Relationships

The cost of the ICDMS includes the cost of installing the signal conditioners
anpd other interface equipment supplied with the primates, as well as procuring
and installing the oscillograph, mass spectrometer and the environmental and
physiological readout meters. Included will also be the design, integration
and checkout. of the instrumentation and control equipment and the controls -

and displays console.

The non-recurring cost of the ICDMS is based on an estimate of 1800 man~hours
for designing the instrumentation, controls and data management provisions and
an additional 300 man-hours for the design of the controls and displays console,

for a total of 2,100 man-hours,
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Table L-10
SPACELAB PRIMATE EXPERIMENTS INSTRUMENTATTION
AND DATA EQUIPMENT LIST

Eguipment

iI

ITE

Iv

Parameter/Measurement
Cardiac Output/Aortie Blood 1.
Flow
2.
3.
b,
5.
Coronary Flow/Coronary 1.
Elood Flow
2.
3.
b,
5.
Cerebral Blocd Flow/Internal ! 1.
Carotid Artery Blood Flow
2.
3.
hl
5.
Direect, Continuous, Arterial | 1.
Blood Pressure/Radial or
Iiliac Blood Pressure
2.
3.
h.
5.
Direect, Central Vencus 1.
Pressure/Pressure in Vena
Cava or Right Atriun 2.
3.
h'
5.

Implanted Electromagnetic Flow
Transducer with trancutaneous con-
nector (E)*

Power Supply (8)

Signal Conditioner (E)
Oscillograph (strip chart) (E)
Magnetic Tape Recorder and

TM {g)%#

Implanted Electromagnetic Flow
Transducer with trancutaneous
container (E)

Power Supply (8)

Signal Conditioner (E)
Oscillograph (strip chart) (E)
Magnetic Tape Recorder and TM (S)

Implanted Electromaegnetic Flow
Transducer with transcutaneous
container (E)

Power Supply (S)

Signal Conditioner (E)
Oscillograph (strip chart) (E)
Magnetic Tape Recorder and ™ (8)

Implanted physiclogical resistance
transducer with trancutanecus con—
nector {E)

Signal Conditioner (E)

Power Supply (S)

Oscillograph (E)

Tape Recorder and ™ (S)

Catheter -~ Tip Blood Pressure
Transducer (E)

Signal Conditicner (E)

Power Supply {S)

Oscillograph (E}

Magnetic Tape Recorder and M (S}

(#) Equipment supplied by Experiment
(*%) Equipment supplied by Spacelab
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Table 4-10
SPACELAR PRIMATE EXPERIMENTS INSTRUMENTATION
AND DATA EQUIPMENT LIST {Continued)

Equipwent

Parameter/Measurement
VI Heart Rate and Electrical 1.
Activity/Electrocardiogram
(ECe) 2.
3.
L,
5.
VII Vestibular Nerve Activity/ 1.
Vestibular Nerve Electrical
Activity 2.
3.
b,
5
VIIT Neck Muscle Tension/Electro- | 1.
myograms of Trapezius, 2.
Splenius Capitus, Splenius 3.
Cerric N
X Brain Electrical Activity/ 1.
Electroencephalogram {(EEG) 2.
3.
L,
5.
1
pd Eye Movement/Electro- 1.
oculogram 2.
3.
b,
XI Body Temperature/Arterial 1.
Blood Temperature
2‘
3.
h‘
5
XII 0, Consumption and CO 1.
Production/Cage Inlet and
Qutlet PO, and PCO 2
2 2
3.
L,
5.

Implanted subcutanecus Ag-AgCl
electrodes (3-6) (E)

Signal Conditioner (E)
Cardiotachoneter (E)
Oscillograph (E)

Magnetic Tape Recorder and TM (8)

Implanted Vestibular Nerve
Electrode (E)

Signal Conditioner (E)

Freguency Anslyrzer (S)
Oscilloscope (S)

Magnetic Tape Recorder and TM (S)

Implanted EMG Electrodes (6) (E)
Signal Conditioner (E)
Oscilloscope (E)

Magnetic Tape Recorder and TM {5)

Subcutaneous Electrodes (8) (E)
Signal Conditioner (E)
Oscillograph (E)

Frequency Analyzer (8)

Magnetic Tape Recorder and TM (8)

Subcutaneous Ag-Ag (1 Electrode (E)
Signal Conditioner (E)
Oscillograph (E)

Magnetic Tape Recorder and TM (5)

Temperature Thermistor Associated
with blood pressure transducer (E)}
Signal Conditioner (E)
Oscillograph (E)

Magnetic Tape Recorder and TM (8)
Digital Display (S)

Adrfiow transducers - inlet and
outlet for each cage (E)

Mass spectrometer {E)
Oseillograph (E)

Signal Conditioners (2) (E)
Magnetiec Tape Recorder and TM (S)

{(*¥*) Equipment supplied by Experiment
(#%) Equipment supplied by Spacelab
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Table 410
SPACELAB PRIMATE EXPERIMENTS INSTRUMENTATION

AND DATA EQUIPMENT LIST (Continued)

Parameter/Measurement

Equipment

XIIT Body Heat Exchange Rate/Cage | 1.
Tnlet and OQutlet PHEO,

Temperature Flow 2.

3.

)4..

5-

6.

T

xIv Blood Analysis/0,, 002, PH, 1.

Raedic Active Tracers, REC and] 2.

WBC counts, WBC differential,! 3,

Na, K, C1, Ca h.

5-

6.

7.

8.

9.

10.

11.

XV Blood, Urine, and Fecal 1.
Storage/Refrigerator and

Freezer Temperatures 2.

3.

4,

Airflow transducers - inlet and
outlet for each cage (E)

Alr temperature transducers - inlet
and outlet (E)

Humidity Transducers - inlet and
outlet (E)

Signal Conditioners - 6/cage (E)
Digital display (8)

Osciliograph (E) :
Magnetic Tape Recorder and T (S)

Blocd Gas Analyzer (B}

pH meter (E)

Liquid scintillation counter (E)
Well seintillation counter (E)
Coulter counter (&)

Microscope (E)

Specific ion electrodes (E)
Signal conditioners (&) (E)
Digital display (8}

Oscilloscope (8)

Magnetic Tape Recorder and TM (8)

Refrigerator and freezers tempera-
ture transducers (E)

Signal conditioners {3) (E)
Digital Display (8)

Magnetic Tape Recorder and TM (8)

(*) Equipment supplied by Experiment
(*%) BEguipment supplied by Spacelab

Utilizing the design and development phase expenditure breakdown given in

Table 3-4, the total non-recurring cost of the ICIMS is estimated at

363,950

dollars

The recurring cost will include the hardware production cost, estimated at

25% of the design and development phase cost, and the cost of purchsing the
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major parts. Included are the oscillograph at $14,000, the mass spectrometer
at $100,000 and the transducers and meters at $52,000, for a total of $166,000.

The total recurring ceost is then

= 0.25 x 363,950 + 166,000 = 256,988 dollars

The total cost of the instrumentation, controls and data management subsystem

= 363,950 + 256,988 = 620,938 dollars.,

h.2.7 Holding Cages

Two types of primates holding cages are required for the holding facility, one
for restrained primates and the second for unrestrained primates. Each of the
cages will include a couch and restraints, waste mensgement, psychomotor task
panel, food and water dispensers, camera, viewing port, air distribution ducts
and diffusers, lights and wiring for instrumentation and controls. A description

of each of the cages is given in the following paragraphs.

4,2.7.3 Restrained Primate Cage

Tis cage, shown in Figure 4-15, has outside dimensions of 17" x 24" x 22,5",
and has a double wall stainless steel construction with .5 inech insulation and
double-pane glass viewping port to prevent condensation of the hot humid air on

the inside walls of the cage. The cage slides in and out of its rack space on

ct

two slide bars mounted on one side of the cage. Quick-disconnect valves are
provided for inlet and outlet air ducts, Cannon-type plugs are also used for
transmission of instrumentation signals and electrical power for iighting and

psychomotor panel operation.

A contoured couch is provided for the primate. The couch is installed on tracks
so that it can be rotated 90 degrees during launch in order to have the launch

G-forces exerted on the monkey in the chest-to-back axis.
The psychomotor complex is located in a slanted panel in front of the primate,

when seated in his on-orbit position. The camera is located behind the psycho-

motor panel. An opening in the vertical panel, together with a mirror at a
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15° angle, permit the camera to record primate's activity. The camera is
activated only when certain, previously assigned, panel levers or pushbuttons
are pressed by the monkey. Manipulations and results of psychomotor tests are
also displayed on the wall behind the primate's left shoulder so as to be in
view to be recorded by the camera. The feeder and the water dispenser are
placed to the left of the vertical panel, A mirror inside the cage is used to
enable the attenting secientist to view the activities of the monkey from the
viewport in the front wall of the cage. Air distribution in the cage is made
through outlets that direct the flow along the sidewalls of the cage and’then

to the waste management compartment.

4,2.7.1.) Cost Estimating Relationships

The cost of primate's cage includes the cost of constructing the cage and
psychomotor task panel and the installation in the cage of the other support
equipment described above., No cost data for similar systems were found to
provide the basis for developing a new CER for the cage. Accordingly, cost
estimates were made, based on an engineering design regquirement of 2500 man-

hours, resulting in the following:

433,275 dollars
108,319 dollars

Total non-recurring cost of holding cage

[}

Hardware production ceost
Total cost of six cages
= 433,275 + 108,319 x 62°59

967,288 dollars

4.2,7.2 Unrestrained Primate Cage

Thig cage is twice the size of the restrained cage. It also utilizes the same
construction and equipment as the restrained cage, with two exceptions: 1)} a
new, yet undefined waste management subéystem will have to be used to acconmo-
date the unrestrained primate; and 2) a blological telemetry system should be
provided to monitor and transfer the primate's physiological parameters, A
modified air distribution system should also be installed in the unrestrained
primate cage, which will be compatible with both the waste management subsystem

and the enlarged cage size. A couch and restraints will also be included in

4-68



the cage to protect the primate during launch. No detall design of the
unrestrained primate cage, similar to that conducted for the restrained primate

cage, was performed in this phase of the study.

h.E.T.Q.l Cost Estimating Belationships

Cost estimstes for the unrestrained primate cage were based on technical judg-
ments to assess the increased complexity of the cage as compared to a restrained
primate cage., Cost esiimates were then scaled, utilizing the same procedure

and assumptions employed in the restrained primste cage, but with increased
engineering design time of 4000 man-hours to account for the additional effort
required for waste management, aivr distribution and instrumentation mecdifications.

The following cost estimates are thus obtained:

H

693,2L0 dollars
173,310 dollars

Total non-recurring cost of holding cage

Hardware production cost
Total cost of two cages

= 693,240 + 173,310 x 20‘89

§i

1,01L,730 dollars

4.,2.8 Refrigerator and Freeger Asserbly

The refrigerator/freezer assembly is located in a 35" x 21-1/2" x 21" enclosure.
The space is divided into three compartments: & 5°C (LO°F) refrigerator occupy-
ing half the volume, a -20°C (~U°F) freezer occuping one quarter of the volume
and a =-60°C (-76°F) freezer occupying the remaining quarter of the vclume. The
refrigerator will be used for the storage of perishables. The -20°C freezer
will be used mainly for the storage of urine samples while blood plasma will

be stored in the -60°C freewer.

k,2.8.1 BSubsystem Performance

gpacelab coolant supply lines will be extended to the refrigerator/freezer
compartments to cool them to 5°C (40CF). The two freezer spaces will then be
1owered further to -20°C (-L°F) and -60°C (-T6°F), utilizing thermoelectric
refrigeration modules, The 5°C refrigerator iswdesigned for cooling load of
300 watts while each of the freezer spacés ig designed for a cooling lcad of

30 watts. The thermoelectric assembly includes a total of 28 thermoelectric
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modules, each weighing 23.0 grams, which are used in a series-parallel
errangement to provide the reguired freezer compartments cooling. The
thermoelectric assembly also ineludes a veriable power supply and two bipolar-
type tempersture controllers. The power supply and temperature controllers

are especially designed for operation with the thermoelectric assembly.

4.2.8.2 Cost Estimating Relationships

Cost estimating relationships fer the refrigerator/freezer assembly are pre-
sented in the following paragraphs. Included are the refrigerator/freezer
compartments and the thermoelectric refrigeration assembly. The cost of the
compartments is based on the Skylab refrigeration sysiem compartments cost

data and is given as follows:
Refrigerator/freezer compartment design cost = 59,400 dollars

The design and development phase expenditure breekdown is obtained from the
expenditure breakdown ratios listed in Table 3-L4, resulting in a total design

and development phase cost of the refrigerator/freezer compartments

= 343,152 dollars,.
The hardware production phase cost of the refrigerator/freezer compartment

is estimated at 25% of the desipn and development phase cost, or

i

85,788 dollars.,

428,940 dollars.,
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The cost of the thermoelectric refrigeration assembly is based on the procure-
ment of commercially available components, followed by the integretion and
test of the assembly. The components comprise 28 thermoelectric modules, one
power supply and two temperature controllers. The non-recurring cost is based
on 1) meking an estimate of the number of man-hours required to design the
thermoelectric refrigeration assembly; and 2) utilize the design and develop-
ment phase expenditure breakdown shown in Table 3-4 to obtain the total non-

recurring cost of the assembly. The design of the thermoelectric assembly is
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estimated to require an estimated 2000 engineering hours. Applying the design
and development phase expenditure breakdown factors yields the following:

Thermoelectric refrigeration assenbly
non-recurring cost = 346,620 dollars

The recurring cost of components comprises $1400 for 28 thermoelectric modules,
$1300 for power supply, $L3L0 for two temperature controllers and an additional
20% for supporting materials and supplies, for a total of $84LS.

Thus,

Total cost of thermcelectric

refrigeration assembly

= 346,620 + 8,L48 = 355,068 dollars
and,

Total cost of refrigerastor/freezer assembly
cost of compartments + cost of thermoelectric assembly

L28,9Lh0 + 355,068 = 784,008 dollars

L,2.9 Photographic Assembly

Cameras used are the commercially available 16mm Dsta Acquisition Cameras,
Model 308; developed by J. I. Maurer, Inc., for the Apollo program. The
cameras can be used for 1, 6, 12 or 24 frames per second are are each eguipped
with an attachment for single frame photography. Each of the cameras used is
provided with a lens suitable for the focal length and dimensions of the animal

or specimen container in which the camera is used.

%.2.9.1 Cost Estimeting Relationships

The recurring cost estimating relationship for cameras used in the primate and

smail vertebrate cages are given as follows:

Photographic assembly cost
C TS500 + 2000 dollars

"

where,

nuniber of cameras used.

=
[l
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The cost of each camera comprises $500 for the base unit without lens, $1750

for the single frame attachment and $300 for the lens.
Thus ,

N=12:
= 92,600 dollars

[]
f

The non-recurring cost of the photographic assembly is based on estimating

the requirement of 500 man-hours of engineering design for camera mounts, drives
and mirrors. Utilizing the design and development expenditure breakdown listed
in Teble 3=4 to obtain the non-recurring cost of the assembly, we obtain the

following:

Photographic assembly
non-recurring cost = $86,655

and,
Total cost of phoitographic
assembly = 92,600 + 86,655 = $179,255

4%.2,10 Holding Facility Construction Interfaces

The construction of the primate holding facility includes the design, develop-
ment snd assembly of the primate cages, the ECS equipment compartment, refrigera-
tor, waste management processor, zero—gravity workbench, operating table and

the ceontrols and displays console.

%.2.10,1 Cost Estimating Relationships

Utilizing the same methodoleogy used in previcus sections to estimate the cost
of the holding facility construction and assuming an engineering design require-

ment of 600 man-hours results in the following:

il

103,986 dollars
25,977 dollars

Non-recurring cost of holding facility construction

Hardware production cost
Total cost of holding facility construction

= 103,986 + 25977

i

129,873 dollars
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4.2.11 Power Control and Distribution System

The power control and distribution system comprises the controls and distribution
equipment to supply and manage electrical power to the experiment hardware.

Power control and distribution system cost is summarized as follows:

$o028,219
$122,158

Non-recurring cost

Il

Recurring production cost

h.2.12 Primate Holding Facility Experiment Cost

The total cost of the primate holding facility experiment is obtained from the
summation of the cost items given in the preceding paragraphs and summarized

in Tahle lU-11.

Table k=11
COST OF PRIMATE HOLDING FACILITY EXPERIMENT

A

Cost in 1974 &
Design and
Cost Item¥* Development Production

Environmental Control Subsystem 3,619,830 702,113
Waste Management Subsystems 516;&62 95,848
Food Water Subsystems ' 277,296 4hp,18h
Instrumentation, Controls and Data 363,950 256,988
Management
Holding Cages 854,803 1,127,215
Refrigerators/freezers 689,772 gL 272
Photographic Assembly 86,655 92,600
Construction Interfaces 103,986 25,997
Power Control and Distribution 228,219 122,158

Total 6,740,973 2,957,375

{#} Project management, system engineering, system test and other non-recurring
cost estimates are allocated to subsystem cost estimates.
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4,3 MEDICAL EMPHASIS LIFE SCIENCES EPACELAB EXPERIMENT

4,3,1 Purpcse

The Life Sciences Spacelab (LSSL) is a flight laboratory intended for use as a
general purpose research facility to conduct research and technology experiments
in the areas of medlicine, biology, life support and man-system integration.

The laboratory will contain the experiment subjects, research equipment and
instrumentation, and data handling capability to conduct limited onboard
research and analysis in each of the stated life science disciplines, The
operation of the laboratqry will be by discipline scilentists plus a mission
specialist. Research will be accomplished on a range of test subjecis, including
man, on (1) problems related to the zerc-g and radiation characteristics of
space; (2) problems of short term (30 days) adaptation of biclogical organisms
to weightlessness; (3) the vole of gravity in maintaining selected normal
functions of organisms on the earth's surface; and (4) a variety of advanced
technology research in the areas of life support and man-system integration,

including extravehicular activities and teleoperators,

The leboratory is planned to have 1L.7 psia sea level atmosphere to permit shirt
sleeve operations. It will be as near zerc-g operatlion as the Shuttle envircen-
ment will permit. It will be designed for post-flight refurbishment and for
reuse on subseqguent flights. The laboratory will have & lifetime of ten years to

support the research and technical requirements of manned space flight programs.

4,3.2 OQObjectives
The Life Sciences Spacelab will be used toc conduct the following:

A, Research directed at understanding the origin of life and the search

for extraterrestrial evidence or precursors of life.

B, PBiomedical research necessary to understand mechanisms and provide

the criteria for countermeasures in support of manned space flight.

C. 'Advanced technology development on 1life support and work aids to
provide as near an earth atmospheric environment for man as posusible
in order to provide him with protection from hazards of the space
environment, optimize his ability to work in space, and to maintain his

health.
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D. Research in bicleogy to investigate those mechanisms cbserved to have
changed in space on man-models wherein the investigation cannot be done
on man, and to study basic bological functions at all levels or organiza-
ticn (subcellular, cellular, system, and organism) influenced by gravity,
radiation, and circadian rhythms; factors which are inherent in the space

flight environment,

4.3,3 Quidelines and Constraints

4,3.3.1 The Life Sciences Spacelab project includes the definitions, design,
development and operations of the Life Sciences Spacelab and interface regquire-
ment to interconnect and maintain the payload and the Spacelab spacecraft., The
project also includes ground operations involving experiment mission preparation,

astronaut training, data evaluation and experiment refurbishment and checkout.

%.3.3.2 The Life Sciences Spacelab is a general purpose facility for the per-
Tormance of biomedical and biological research and for in-flight verification

and testing of advanced technology and man-system integration equipment. The
Life Sciences Spacelab will be installed with the Spacelab spacecraft and be
transported to and from orbit by the shuttle orbiter. The Life Sciences Space-
lab will provide the life sciences community with a flexible, low-cost laboratory
facility capable of accommodating 2 broad spectrum of tests and experiments, with
rapid user access and minimum interference with payloads or shuttle orbiter

getivities.,

1.,3,3.3 The 30~day Life Sciences Spacelab will be initially launched in the
shuttle to a 100-mile, 28.5 degree inclination parking orbit where shuttle and
payload systems are verified. The system is then boosted to the 200-mile
altitude where the research will be cafried out. Following 30 days of planned

research activities, the orbiter will deboost and land at the launch complex.

4,3.3.4 The baseline plan will include the design, development and production of
the flight units of the Life Beciences Laboratory, associsted experiment mission
preperation conduct, data evaluation and decumentation in accordance with an

initial 1980 shuttle flight.
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4,3.3.5 The flight program plan will involve two flights per year for a 12-year
program lifetime, One laboratery will undergo refurbisbhment, equipment removal
and replacement and updating while the other unit is in flight. HEach LSSL
misgion will ineclude a difflerent combination of experiments selected from the

various disciplines of 1ife scilences.

4.3.14 Life Sciences Spacelab Deseription

A medical emphasis mission configuraticn, featuring tiomedical and biological

research, is shown in Figure 4~16 and described in the following paragraphs,

The medical emphasis mission LBBL is designed to support biomedical research
mainly in the cardiovascular, respiratcory, neurclogical, musculoskeletal,
gastrointestinal, and metabolic areas. Facilities are alsc provided for
research in cell and tissue culture, primate and small vertebrate research,

A limited amount of research in man-system integration and life support tech-

nologies could alsc be accomplished in this L33L configuration.

The LSSL, as shown in Figure 4-16, is comprised of nine basic wall units, over-
head cabinels, & work and surgical bench and four individual Skylab-type
experiment devices. The Skylsb-type experiments are: 1) lower body negative
pressure device; 2) body mass measurement device; 3) physiological exercise
eguipment; and 4) rotating litter chair. A description of the nine basic wall

units and the research to be used in each is as follows:

4.3.4.1 Crew Work Station and Stowage Unit

This unit is primarily a crew work station, comprising a work bench, Betadine
cleaners unit, film vault and stowed vacuum cleaner. Included zalsc are an
organism holding kit and a veterinary kit, used primarily for animal and

biclogieal research.

L,3,4.2 Cells and Tissues Holding Unit

This unit is used primarly for cells and tissue culture research activities.

Major components 1in the unit are an incubator and a sealable colony chamber.
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Included also in this unit are an air particle sampler, a waste storage device
and an assortment of prepared media. Antennas and a receiver used to support

animal biological instrumentation are stowed in this unit.

,3,4.3 Visual and Microscopic Examination Unit

This is a basic support unit where major microscopy work for all biomedical and
biclogical researcn activities are conducted., A compound microscope, a dissect-
ing microscope, a microscope accessory kit and a TV/microscope adapter for
viewing and transmitting microscope images are provided in this unit. Included
also are & microdissection kit, as well as kits for research in microbiology,
histology and hematology. The unit alsco includes a crew work station where
visual and microscopic examination work is performed and a waste storage device

for dispcsal of experiment waste materials and chemicalis.

Included in this unit also are the following cameras: 1) cine camera for visual
recording of experiments; 2) still camera to provide still photographic records
of various experiment phenomena; 3) black and white video camers for recording
and monitoring experiments and organisms; and 4) video color camera for recording
and monitoring experiment phenomena for down-linking data. A polaroid camers

is alsc provided.

4.3.4.4 Primate and Small Vertebrate Holding Units

Two of the nine basic wall units are devoted to primate and small vertebrate
research, Included are two unrestrained primate cages, twe small vertebrate
holding units, asscciated environmental control equipment and stored consumables.
The unrestrained primate cage includes the cage, water and food dispensers,
water flowmeter, flowmeter coupler, signal conditioner coupler, accelerometer
and accelerometer coupler, The small vertebrate holding unit inecludes a rat/
hamster cage, food and water dispensers, water manifold flowmeter, flowmeter
coupler, basic holding unit, signal conditioner couplers, accelerometer and
accelerometer coupler, The ECS equipment includes filters, condensing heat

exchanger, condensate collection assembly, controller, blowers, ducting, tubing

and valves. OStored consumsbles include water, food, oxygen and LiOH canisters.
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h.B.h.S Display Control Conscle and Data Management

This unit is supplied as a part of the Bpacelab which provides the computers
and 8ll support equipment. The major components supplied by Spacelab include

the following:

A, Date display system, comprising keyhoards, CRT displays, symbols,

type display, TV camera, video monitor and intercom.

B, Three computers with 32K word memory.

0. Input/output unit,

I. Mass memory.

E. Ten remote acguisition units.

F. Control panel.

G. High bit rate recorder

H, Video/anslog recorder,

I. Recorder and communication control unit.
J. Caution and warning logic unit.

K, Csution and warning panel.

4.3.5.,6 Biomedieal Activities Unit

Included in this unit is the equipment required to support the researchers in
conduecting a wide variety of biomedical research activities ineluding those in
cardiovascular, respiratory, neurological, musculoskeletal, gastrointestinal and
metabolic research areas. The equivment is primarily for human research but
.may alsc be used in other animal and biclegical experiments. The fellowing
equipment items are provided in this unit: ‘psychogalvanometer, doppler flow—
meter, limb plethysmograph, plethysmograph transducer, gas flowmeter, power
conditioning equipment, physiological kit, video monitor, oscilloscope, physio-
logical gas analyzer, experiment console, signal conditioner ccouplers, multi-
channel recorder, recording paper, electrophysiclogical receiver and camera
controller, Included alsc are: receiver, voice recorder, event timer, linear
measurement kit, medical physical examination kit, electrophysiological back-

pack, sonocardicgram, plotter/printer (DMS) and waste stowage device.

The biomedical activities unit also includes radidbiology research equipment such
as radiation source, badges and detectors as well as a scund meier and other

assorted meters.
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4,3.4.7 Fluid Sample Analysis Unit

This unit includes a work station, chemicals and equipment for performing
fluid sample analysis work, A chemical analysis kit, chemical storage cabinet,
mass spectrometer analygzer, AOTS meter, plH meter and staining system are pro-
vided. Included slisc are sz GEMSAEC analyzer which can provide 3C to 35

individual analyses on each sample, a refrigerated centrifuge, and gas supplies.

4.3,4.8 Bpecimen Preservation Unit

This unit provides the researchers with the equipment and the refrigerated
storage spaces necessary for the collection, conditioning and storage of
specimens. Included in this unit are a solids compactor, toel sterilizer,

steam autoclave, two specimen mess measurement devices, general tool kit, clean-—
up kit, and waste storage device, The refrigerated spaces provided in this unit
include a cryogenic freegzer at -200°F, a low temperature freezer at ~05°F and

a refrigerator at LO°F.

4,3.5 Cost Estimates

A work breakdown structure (WBS) for the Life Sciences Spacelab is shown in

Figure L-17, The LSSL equipment cost was calculated at the component level

{(1evel T), then added up to the assewbly, subsystem and system levels, GSystem
level (level 4) cost elements were then included to arrive at the total L38SL
project level (level 3) cost. A discussion of the various cost estimates,
starting with the laboratory equipment cost, is given in the following paragraphs,
Cost items are provided in non-recurring design and development, recurring

production and recurring operations.

4,3.5.1 Laboratory Egquipment Cost

Laboratory equipment total cost has been divided into equipment unit costs and

is presented in detail in Table L-12. Component costs have been cbtained pri-
marily from References L,3-1 through 4.3-3. The equipment cost presented includes
the recurring production and non-recurring cost of the components. The cost of

equipment integration and installation is presented in the fcllowing paragraph.
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Tghle L=12

COST OF LIFE SCIENCES SPACELAB EQUIPMENT

Development Unit Cogt,
Cost x 1000
Component Guantity | x 1000 Dollars Dollars
. Crew Station and Storage Unit
Crew work station 1 20 20
Vacuum cleaner 1 TS
Betadine wipes {250 wipes) 1 2.4
Organism helding unit 1 13 1.1
Veterinary kit 1 35
Fiim vault
b, Cells and Tissue Holding Unit
Incubator 2 L7 118
Sealable colony chamber 2 200 5
Accelerometer 1 1
Accelercmeter coupler 1 1
Prepared media 2 5.8 .5
Air particle sampler 1 28 L
Assorted antennas 1 20 G.5
Waste storage device 1 1 d.5
Receiver 2 21 5
B. Visual and Microscopic

Examination Unit
Compound microscope 1 G.5 2.5
Dissecting microscope 1 10 5
Microscope accessory kit 1 10 Yy
TV/microscope adapter 1 0 0.5
Mierodissection kit 1 Lo 5
Microbiology kit 1 ko 5
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Table 4-12
COST OF LIFE SCIENCES SPACELAR EQUIPMENT (Continued)

Development Unit Cost,
Cost x 1000

Component Quantity x 1000 Deollars Dollars
Visual and Microscopic
Examination Unit (Continued)
Histology kit . 1 20
Hematology kit 1 T 1
Log books 31 - -
Color video camera 1 0 100
B&W video camera 2 10 1h
Movie camera 2 10 &
Still camers 2 20 5
Polarcid camera 1 0.5 0.5
Crew work station 1 20 20
Waste storage device 1 20 0.5
Primate and Bmall Vertebrate
Holding Units
EC/1SS for primates and small
vertebrates (includes crew LiOH
canisters) 1 2,310 785
Rat/hamster cage 8 22k . 3.2
Water dispenser 8 inecluded in holding unit cost
Food dispenser 8 included in holding unit cost
Water flowmeter 9 10 ' 1
Flowmeter coupler g 20 2
Small vertebrate holding unit 1 1,544 55
Signal conditicner couplers 1h 10 1
Accelerometer 2 1.5 0.5
Accelercmeter coupler 2 0.5 0.1
Unrestrained monkey cage . 2 177 62
Waste menagement system 2 hh2 29
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COST OF LIFE SCIENCES SPACELAR EQUIPMENT (Continued)

Table L-12

Development Unit Cost,
Cost x 1000
Component Quantity { x 1000 Dollars Dollars
. Primate and Small Vertebrate
Holding Units {Continued)
Food dispenser 2 5k 13.3
Water dispenser 2 oL 22.6
Photographic supplies 2 22 8
Instrumentation and controls - 93 23
5. Display Control Console and
Data Management Unit
{Spacelab supplied)
6. Biomedical Activities Unit
Tinb plethysmograph 1 37 1
Gas flowmeter 6 13 0.8
Power conditioning equipment 1 1Lt 124
Physiclogical kit 1 19 2
Video monitor 1 12 2
Oscilloscope 1 150 20
Physiological gas analyzer 1 0 50
Experiment console 1l 233 97
Signal conditioning couplers 32 Lo L&
Multichannel recorder 1 200 100
Electrophysiology receiver 1 100 15
Receiver 1 200 10
Voice recorder 1 35 15
Event timer 2 0.2
Linear measurement kit o1 0.1
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Table L-12
COST OF LIFE SCIENCES SPACELAB EQUIPMENT (ContiHHEd)

Development Unit Cost,
Cost x 1000
Component Quantity | x 1000 Dellars Dollars
6. Biomedical Activities Unit
(Continued)
Medical/phys. examination kit 1 Lo 5
Electrophysiological backpack 1 25 5.6
Psychogalvanometer 1 - GFE
Doppler flowmeter 2 10 ‘ O.h
Sonccardiogram 1 200 30
Plotter/printer 1 20 0.5
Waste storage device 1 20 0.5
Sound level meter 1 10 . 6
Multimeter 1 22 Y
Assorted meters L L 1
Radiation source 1 150 50
Dosimeter 1 0 2
Radiation detector, general 1 350 50
T. Fluid Sample Analysis Unit
Chemicals 0 6
Chemical storage cabinet 1 22 12
Mass spectrometer gag analyzer 2 100 100
Temperature block 2 > .l
AQ0TS meter 1 0.5 0.5
Volumetric measurement kit 1 .50 5
Staining system 1 0 13
Gas supplies ‘ & 50 5.3
GEMSAEC 1 0 75
pH meter 1 90 26.5
Crew work station 1 20 20
Chemical analysis kit 1 100 10
- Refrigerated centrifuge 1 124 7
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Table 4-12

cOST OF LIFE SCIENCES SPACELAB EQUIPMENT (Continued)

Developuent Unit Cost,
Cost x 1000
Component Quantity | x 1000 Dellars Dollars
8. ©Specimen Preservation Unit
Compactor for solids 1 5 1
Plastic bags (250 bags) - 3.4 3.8
Clean-up kit 1 Lo Y
Tool sterilizer 1 5
General tool kit 1 16 1.k
Steam autoclave 1 25
Specimen mass measurement device
{Macro) 1 Q )
Specimen mass measurement device
{Micro) 1 0 8
Low temperature freezer 1 150 30
Cryogenic freezer 1 250 50
Refrigerator 1 65 5
Radioactive chemicals 1 2.4 0.5
Glove box liners (30) 1 5 0.1
Waste storage device 1 20 0.5
9, Additional Equipment
Work and surgical bench 1090 10
Portable display/keyboard 1 50 60
Body mass measurement device 20 20
Physioclogical exercise equipment
and metabollie analyzer i 20 100
Rotating litter chair 20 100
Lower body negative pressure
device 1 20 100
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h.3,5.2 LSSL System Level Costs

The LSSL system level costs are summarized as'presented in the following
Paragraphs:

4.,3.5.2.1 Laboratory Equipment

The laboratory equipment cost obtained from the summation of the data in

Table L4-12 is given as:

Laboratory equipment non-recurring cost = $9,007,000
Laboratcry equipment recurring production
cost (per flight unit) = $3,212,000

4.3.5.2.2 Experiment Support System

N

This cost item includes experiment interfaces and structural support, photo-
graphic equipment and the reffigeration system. The structural support includes
all mechanical and structural interfaces needed for holding units, cages and
experiment hardware. Photcgraphic eguipment includes cameras, controllers and
drive mechanisms to suppert all experiment areas, Invididusl cameras are
included in each snimal and specimen cage or holding unit and each nmajor bio-
medical experiment area. The refrigeration system provides a common 5°F
refrigerant loop to all the cold storage compartments in the LSSL, Additional
heat sinks, such as cryogenic refrigerants, are added to seccondary loops
circulating in freezer compartments to cbtain extremely low temperatures of

-05°F and -200°F. Experiment support costs are summarized as follows:

Non~Recurring Recurring Production
Ttem Cost Cost
Structural support $ 307,000 $ 25,000
Photographic support 698,000 221,400
Refrigeration system 528,780 1,110
Total  $ 1,554,780 $§ 312,510

4,3.5.2.3 Power Control and Distribution System

The power control and distribution system comprises the controls and distribution

equipment to supply and manage electrical power to the experiment hardware,
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Included also are the oxygen and nitrogen tank sets chargeable to payload, but
not the fuel cells which constitute a part of the orbiter's baseline system.

Power control and distributicn system cost is summarized as follows:

Non-recurring cost = § 280,000
Recurring production cost = $ 160,000
Recurring operations cost = $1,100,000

4.3.5.2.4 Data Management and Interface Electronic System

The data management and interface electronic system comprises all the monitoring
instrumentatioﬁ required by the experiments, as well as data acquisition, pro-
cessing, control and storage. Experimental animals are considered to be fully
instrumented and provided with implanted electrodes and the matched signal con-
ditioners for the transducers which need amplification prior to be input to
multiplexers, Full use is made of the equipment and capabilities supplied by
the Spacelab. The Spacelab computers will process, display, store and/or
telemeter the data, as required., The data management and interface electronic
system cost includes the signal conditioners and other experiment eléctronic
interface eguipment, as well as procuring and installing physiclogical and

environmental instrumentation. The total system cost is given as follows:

Data Management and interface electronic system

non-recurring cost = $9L40,000

Cata management and interface electronics

recurring production cost = $370,000

Data management and interface elecironics

recurring operations cost = $390,000

L4,3.5.2.5 Consoles

The cost of the LSSL consoles includes the integration, assembly and checkout
of the conscles including the panel assemblies, instrumentation and displays.

The cost of the consoles is given as follows:

$1,320,000
$ 380,000

i}

Consoles non-recurring cost

Consoles recurring production cost
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4.3.5.2.6 Envirconmental Control and Life Support System

The cost of the environmental control and life support system is considered to
be a part of the basic vehicle cost and not chargeable to the LBSL., Expendables
for the EC/LS to extend the mission from 7 days to 30 days include oxygen and
Li0H filters. The oxygen for normal use is supplied at no cost from excess
oxygen available to the orbiter and deliversd to the Spacelab and is thus not
chargesble to LSSL. The cost of the LiOH filters is included in the laboratory
equipment cost, together with the cost of the primates' EC/LS system, under
paragraph 4.3.5.1.

4.3.5.2.7 Final Assenbly, Integration and Checkout

This task includes the integration of the experiment assemblies in the LSSL
and providing the necessary interfaces with .the basic Spacelab vehicle subsystems.,
Final system checkouts, including ground support system and interfaces, are also

ineluded in this task. The cost of this task is as follows:

Final asserbly, integration and checkout
non-recurring cost = $3,350,000
4.3.5.3 L8SL Laboratory Cost
The LSSL laboratory cost is obtained by adding up 2ll the level 4 items listed

above, resulting in the following:

$16,452,000
$ 7,647,000
$ 3,432,000

LSSL laboratory non-recurring cost

LSEL laboratory recurring production cost

1

LSSL laboratory recurring operations cost

%.3.5.4 L8BL Project Cost Fstimates

The LSSL project cost is obtained from the summation of system level (level L)
cost items which ineclude, in addition to the ILS5L laboratory cost, project
mansgement , system engineering and integration, system test, ground support
equipment, facilities, logistics, ground and flighi operations and principal
investigator costs, The cost of the LSEL project 1s presented in Table L-13,
lizted by system level cost item and divided into design and development, pro-
duction and operations phases. A graphical representation of the cost data is

also shown on a WBS diagram in Figure L-18.
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. 4,3.6 References

4,3-1 Life Sciences Payload Definition and Integration Study {Task C&D)
Volume IIT, General Dynamics Report No, CASD-NAS T3-003, Contract

No. NAS8-29150, August 1973.

h,3-2

NASB-30288, August 197k,

Life Sciences Payload Definition and Integration Study, Volume IV,
General Dynamics Report No. CASD-NAS Th-0L6, Contract No,

4,3-3. McDonnell Douglas Astronautics Company Cost Data Bank.
Table L-13
L38L PROJECT CQ3T ESTIMATE
Cost in 197k Dollars 
Design and !

Cost Item Development Production Operations Total
Project Management 815,080 367,360 457,560 1,630,000
System Engineering and
Integration 681,120 258,720 280,160 1,320,000
Tife Sciences Spacelab 16,452,000 7,647,000 3,432,000 27,531,000
System Test 3,840,000 0 0 3,840,000
Ground Support Equipment z,2h2,800 99,700 1,217,500 3,560,000
Eacilities 0 600,000 5,400,000 6,000,000
hogistics 3,777,600 14,L00 1,0G8,000 - L,800,000
IFlight Operations 0 8] 7,200,000 7,200,000
Re furbishment 0 0 16,800,000 16,800,000
Principal Investigators 600,000 400,000 5,000,000 6,000,000

Totals 28,408,600 9,387,180 40,895,220 78,691,000

Project Total 74,691,000
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4.4 RESEARCH CENTRIFUGE EXPERIMENT

L.L.1 Objective

The life sciences research centrifuge will provide a lg control environment
and a variable g (0.5 to 2.0 g) research enviromment for research test sub-
Jjects, e.g., small vertebrates, other man-surrogates or basic research
organisms. The centrifuge will be normally flown on a combined payload with

the Life Sciences Bpacelab on medical or space bilology emphasis missions.

4.4.2 Design Requirements

The degign reguirements for the life sciences research centrifuge are the

Tollowing:
Force at rim of centrifuge 1.5 to 2.0 g
Centrifuge radius 5.75 BT
Rotational Velocity, at 1.0 g 22.6 RPEM
at 1.5 g 28 RPM
at 2.0 g 32 RPM
Duration of centrifugation, continuous 30 days
Specimen life support, temperature TO + 5°F
humidity 50 + 10%
food per cage 0.17 LBS/DAY
water per cage 1.0 LB/DAY
waste managenent As Required
Urine and waste samples ‘ Freezer Storage

(To be supplied by Space-
lab)}

L.4.3 System Description

A preliminary design of a centrifuge to meet the above requirements was con-
ducted and is presented in the following paragraphs. The concept used in

the centrifuge design includes a continuous rotating centrifuge primary
structure which houses the animal cages in its cuter rim and 2 load-retrieving
turntable. The turntable may be spun up to the speed of the primary rotating

structure. A mechanism incorporated in the turntable is then made to load
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or retrieve animal cages from the primary structure. The animal cages,
ineluding cameras, environmental control and data management equipment are
considered to be part of the biological specimen holding facility and are

not considered in this section.

The 1ife sciences research centrifuge, shown in Figure L-19, is comprised

of the following basic gtructural elements:

A. Support Housing: The support housing is attached to the main struc-
ture of the Spacelab interior. The support housing has a cavity
that will accept and supbort a rotating shaft with two support
bearings. Attached to the support housing is the motor assembly

including an electric motor, gear drive reduction, and a brake unit.

B. Primary Driven Structure: The primary driven structure consists of
a circular housing containing eight cage cavities and a hollow
support shaft. The hollow support shaft is secured to the support
housing by the housing's two bearings. The hollow support shaft
has a ring gear attached to the shaft exterior that meshes with the

support housing drive motor and gear train.

C. Losd-Retrieve Turntable: The load-retrieve turntable is émaller than,
and fits within, the primary driven structure. The support shaft of
the load-retrieve turntable is supported by twe bearings located in
the hollow center of the primary driven structure. A clutch is located
between the primary driven structure support shaft inside diameter
and the turntable support shaft outside diameter. The solid shaft
extends throughout the support housing to form the rotating element
of the brake assembly. Also attached to the turntable is the cage
cavity index detent selector. FEach cage cavity has an identifying
index detent that the selector will identify and lock up when the

RPM is matched with the primary driven structure.
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D. Cage Loader/Retriever Assembly: The cage loader/retriever assembly
has three (3) basic parts: (1) Cage loader/retriever, (2) reversing
jack screw and guide rails, and (3) jack screw gear reduction and
motor housing. The jack screw gear reduction and motor housing
provide the means by which the loader/retriever can propel the

cage package into and out of the cage cavity,

bl 4 System Operation

The primary driven structure will rotate and perform as a centrifuge when
power is applied to the motor assembly. The turntable is a free, independent
member when the cluteh and hrake are disengaged. Appleiation of the clutch
will cause the turntable to rotate at the same KPM as the primary driven
structure. The detent selector will line up the turntable cage package

with the cage cavity and the cage loader/retriever assembly will iﬁsert or
retrieve the cage package as reguired. With the release of the detent
selector, release of the clutch, and applicatioh of the brake, the turntable
will be stopped and the primary driven structure will continue o rotate

at the specified RPM. The primary driven structure can be stopped by turn-
ing off the power to the drive motor, engagenment of the clutch and applica-

tion of the brake.

h.h.5 Cost Estimates of Research Centrifuge

Cost estimates of the Research Centrifuge experiment were made and are
described in this section. Cost estimating relationships were derived for
both the design and development (non-recurring) phase and the recurring pro-

duction phase. Included are the costs of the Tour major assemblies:

motor assembly cost
centrifuge structure cost

medical support cquipment cost

0 o @« =

instrumentation and controls cost

A description of each of the above-mentiocned cost items is presented in the

following.
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4. h.5.1 Motor Assembly

Commerical type components have been selected for this application. The equip-
ment was assumed to underge qualification and reliability testing to bring it
up to the level of flight qualified hardware. The design and development

phase (non-recurring) costs for commercial components are shown in Table L-1b
as compared to a typical flight type hardware expenditure. The qualification
and readiness cost of the commercial eguipment is shown to be 53% of a

comparsble flight type equipment.

Table 4-1k
DESIGH AND DEVELCOPMENT PHASE EXPENDITURE BREAKDOWHN
¥OR CCMMERCIAL VERSUS FLIGHT TYPE EQUIPMENT

Flight Type Commercial Eguipment
Function Hardware Development Cost
Design 17.31 0
Ceneral and Administrative 8.94 0
Program Management 1.29 0.65
System Engineering 5.45 1.36
Development, Qualification and
Keliability Tests 10.45 6,88
CSE 19.1k 19.14
Tooling L,o2 0
Non-Accountable Test Hardeare 1.73 Q
Specifications, Vendor Coordina-
ticn and Procurement Expenses 14,13 .07
System Integration B.67 8.67
System Test 8.48 8.:8
Minor Subcontracts 0.39 0.39
Total 100% 52.64% of
Flight Type
Equipment
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The motor assembly is comprised of the following major components: 1) motor;
2) gear arive; 3) clutch; L) brakes; and 5) bearings. Applying the cost
estimating relstionship {CER) used for non-recurring cost of life support

systemsg yields the following:

Flight type assembly design cost C = 1,922 0 + 123,530 dollars, where N =
the number of component types in assembly = 5. Then, C = 205,610 + 123,530 =
333, 1L0 dollars. Applying the percentage values shown in Table 4-14 to the
non-recurring flight type assembly design cost yields the values given in
Table 4-15. The design and development cost of a comparable flight type
motor assembly was found to be = 1,524,550 dollars. '

Table L-15
DESIGN AND DEVELOPMENT PHASE COSYT BREAKDOWHN
OF FLIGHT-QUALIFIED COMMERCIAL MOTOR ASSEMBLY

Function ‘ Cost, Dollars
Program Management 12,510
System Engineering 26,174
Gualification & Reliability Tests 132,410
G3E ' 368,358
Specifications Vendor Corrdination &
Procurement Expenses 136,066
System Integration 166,858
System Test 163,201
Minor Subcontracts 7,506
Total 1,013,083

The cost of the commercial compenents is then to be added to the non-recurring
cost to cbtain the total cost of the motor assembly. Approximate costs of the

commercial type units are as follows:

It

320 dollars
130 dollars

A. motor, fan-ccoled, explosion-proof

Il

B. pgear drive
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C. ©Dbrakes, drum types = 280 dollars
D. clutches, friction discs, modified = 320 dollars

E. bearings = 120 dollars

1,170 dellars

Total cost of flight-qualified motor assembly = 1,013,083 + 1170 =
1,014,253 dollars.

L.4.5.2 Centrifuge Structure
The centrifuge structure, shown in Figure L4-20 is comprised of the following:

1) support housing and primary-driven structure
2) load retrieve turntable

3) drive motor and gear itrain

The design and development phase (non-recurring) cost of the centrifuge
structure, utilizing flight type hardware, is obtained by modifying angd
utilizing two previously derived relationships. The first, which was
criginally derived from a spacecraft structural panel, was modified to
account for the centrifuge primary structure and turntable and is shown
graphically in Figure 4-20. The design, development and test cost of the
centrifuge primary structure and turntable, obtained from Figure L-20, is
Cp = $242,740.  The hardware production cost of the structure, estimated at
25% of non-recurring cost is Cp = $60,685.

The recurring cost of the drive motor and gear train is estimated by using

the following relationship based on data obtained from Gemini program cost

data.:
¢ = 99.7 p0-94250-1037 | qop W, dollars
where,
F = pover input to motor = 500 watts,
= operating frequency = h00 Hz, and
Wy = gear train weight = 22 lbs
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Substituting the values of the wvariables in the above squation yields the

following:
Drive motor and train non-recurring cost = $81,072

The hardware production cost of the drive motor and gear train, estimated at

25% of non-recurring cost, is Cp = $20,268.

The total cost of the centrifuge structure assembly, considering both recurring
and non-recurring costs, is them: C = 242,740 + 60,685 + 81,072 + 20,268 =
Lok, T65.

4.4.5.3 Medical Support Equipment

For the centrifuge experiment, medical instrumentation will be assumed to be
supplied with the test animals., Data transmission will also be included as

a part of the animal holding unit rather than the centrifuge experiment,

Wou.5. % Instrumentation and Controls

The assembly consists of centrifuge controls, switches for lighting, cameras
and animal holding facility 1ife support functions, and instrumentation for
environmental parameters. A2l the instrumentation and contrels considered
are minor in nature. The recurring cost estimating relationship is simply
the cost per pound of eguipment. The hardware production cost of the instru-

mentation and control equipment is given as:
¢ = L200 W dollars

Wwhere,

WIC = weight of components = 5.5 1bs
then,

C = $23,100

The design and development phase cost of the equipment is estimated = $92,k00.
The total cost of instrumentation and controls = 23,100 + 92,hOO = $115,500.
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4.h.5.5 Centrifuge Total Cost Summary

A total cost summary for the life sciences research centrifuge is presented
in Table 4-16. A number of off-the-shelf commerical components, notably the
motor assembly parts, were incorporated in the centrifuge., However, it was
assumed that no significant hardware modifications were required to bring
components up to flight status hardware, The cost of any addiﬁional modifica-

tions to the centrifuge should be added to the total cost shown in Table L-16.

Table 416
CENTRIFUGE TOTAL COST SUMMARY

Design & Develcpment
Ttem Phaszse Cost Hardware Cost
Motor Assembly¥® 1,013,083 1,170 (commercial
equipment)
Centrifuge Structure 323,812 80,953
Instrumentation and Controls g2,L00 23,100 (Skylab-type
equipment)
Total 1,429,295 105,223
Total Cost = $1,53L,518

(#)Note: Commercial equipment used is flight-qualified but no design

modifications are included.
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L,5 QILOUD PHYSICS EXPERIMENT
4.5.1 Objectives

The Cloud Physics Laboratory (CPL) is a zero-g atmospheric microphysics/cloud
physics facility designed to accommodate a large variety of experiments pro-
prosed by the atmospheric physicists. The CPL will provide the scientiffic com-
munity with a general purpose crbital laboratory to complement and supplement
cloud physics research. The nmission objectives of the CPL are to acquire data
currently unachievable in terresirial laboratories. HResearch will be con-
centrated on a range of particles that are affected by gravity but the forces
to be studied are gravity independent. 'These data are essentaial to the
verification of existing thecries of atmospheric microphysics especially in

the areas of weather modification and control.

4.5.2 (loud Physics Laboratory Description

The Cloud Physics Laboratory is a general purpose facility, available to the
scientific community and capable of performing complementary and supple-
mentary research in atmospheric microphysics. As shown in Figure 4-21,

the laboratory is s self-contained unit approximately 2,7 m (8.85 f+)

long, 2.72 m (8.9 £t) high, and 1.2 m (3.9 ft) maximum depth occupy-

ing a volume of 8.8 m3 {~310 £t3). A detailed laboratory and subsystem
description is presented in Reference L.5-1. The laboratory will constitute a
Partial load of the Spacelab mission and will be dependent on usage of the
Spacelab resources for: 1) power, 2) heat rejection; 3) scientific crew

operstion; and L) limited data management and communications.

The laboratory contains all subsystems required for the conduct of

the defined experiment program. A1l laboratory subsystems are installed
within the laboratory console shown in Figure L-21. The laboratory flown
will be modified for each individual experiment mission. BSix cloud
chambers have been deésigned for use in the experimental program. One or
more chambers will be flown per mission. The six chambers are 1) con-
tinuous flow diffusion; 2) static diffusion-liguid; 3) static diffusion-
ice; &) expansion; 5) general; and ) earth simulation. Twenty-cne
experiment classes have been identified to encompass the physical processes

involved in atmospheric microphysics. Aprimary and an alternate chamber
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have been identified, from among the six cloud chambers, in which each of
the 21 experiment classes may be conducted, A desecription of each of the sub~

systems included in the CPL is given in the following paragraphs.

h,5.2.1 Thermal Control/Expendables Storage and Control System
4.5.2.1.1 Thermal Control Subsystem

Systems will be provided to supply cooling to the cloud chamber thermoelectrice

modules and to all console-mounted CPL avionic and support equipment.

The cooling assembly will provide the means to transport heat from and

maintain temperatures in the c¢loud chambers. Heat will be removed from the
chamber by liquid water coolant that in turn will reject heat to a T°C

Spacelab coldplate through a heat exchanger. The heat exchanger will contain

a phase change material that absorbs excess cloud chamber heat during operation
at a temperature less than -32°C. The heat removal to achieve -40°C in the
cloud chambers will be accomplished by using Thermoeslectric (TE) cocling within

the cloud chamber.

L.5.2.1.2 Fiow, Humidity and Pressure Control Subsystem

Generation of humid gas samples and contrcl of the flow and pressure of the
samples during transfer to the cloud chamber will be managed by the Humidifica-

tion Assembly and the Water Storsge and Supply Assembly.

The Humidification Assembly 1) provides a water vapor source; 2) mixes proper
proportions of water vapor, air and sample gases; 3) equilibrates the mixture
at Spacelab ambient temperature and at the proper pressure and humidity; and
L) is utilized during the purging and cleaning operations between experiments.
The assembly will be comprised of a wick evaporator, a valve module and a

humidification chamber.

The Water Storage and Supply Assembly (WS/8A) will supply deaerated, sterile
water at constant pressure to the Wick BEvaporateor and, when requiired, to the

cioud chambers.
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Water for use in the WS/SA will be stored in an all-metal, positive expulsion
type, cylindrically shaped tank. Water capacity will be two (2) liters, which
Wiil'provide a minimum reserve of 20%. The tank will incorporate a shutoff
valve on the water side and a shutoff valve with flow limiter on the gas {air)
side. All materials will be corrosicn resistant. A long stroke, metal bellows
will expel water at a constant 35 kPa to the water distrubution plumbing. The
tank will be designed to a limit pressure of 1000 kPs to preclude failuré in
the event of a malfunctioning 35 kPa regulator valve. The water side of the
storage tank will be steam sterilized, evacuated and dried, then purged and

filled with dry nitrogen for storage prior to filling with water,

4.5.2,1.3 Expendables Storage Subsystem

Expendables storage will include all equipment (tanks, valves and plumbing)

for storing and distributing sample gases and clean air for test and cleansing.
The_dry air used as an additive to test samples and for cleansing purge will
be stored externally toc the pressurized Spacelab cabin on the forward cone.

The Spacelab-designed tank installation will be used in its entirety, includ-
ing tanks, valves, rupture discs, plumbing, support structure, and a spare

feed through connection to internal CPL plumbing.

The various sample gases used in test gas preparation will be stored in
separate 203 mm diameter tanks. The baseline installation will have provisions
for five {5) tanks. Preservation of CPL cleanliness will be managed by the

use of separate flexible hoses and §.D.'s to connect to the valve module

test port.

4.5.2.1.4 Instrumentation and Display Subsystem

This subsystem includes pressure and temperature transducers used throughout
the thermal control and expendables storage ard control subsystems to monitor

system status and performance.
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L.5.2.1.5 Cleaning Purge and Vent Subsystem

The Cleansing Purge and Vent Subsystem (CP/VS) will inelude: 1) all plumbing,
valves, regulators, filters, etc., used to transport dry air from the Dry
Alr Storage Subasrembly interface to the Humidification Chamber and Cloud
Chamber Components, and 2) =all plumbing and other components used to vent

the wagte gas samples from the HC and CC components.

4.5.2.2 Particle Cenerators

Several types of generators are required in the CPL experiments to supply
particles varying from hygroscaple NaCl particulates which typify many forms

of natural nuclei in the atmosphere to large waler droplets or ice crystals

to gtudy growth habits or collision breakup. These generators are of funda-
mental importance to the total experiment program. The particle generators
required for the CPL include the following: 1) wire probe retractor, 2) water
drop impeller, 3) vibrating orifice, It) evaporation/cendensation aeroscl,

5) spray stomization serosol, and 6) powder dispersion aeroscl type generators.
The first three generators are for droplets/ice particles in the range of

10 to 250 pm, the last three are for nuclei down to BOK in size.

L.5.2.3 Particle Detectors and Analyzers

Several types of detectors are reguired for the CPL experiments. These rangs
from particle size analyzers ito nuclel mass monitors. Nuclel are either
condensation centers for droplet formation or sclidification centers for ice
crystal formation. Particles are either water droplets or ice crystals which
have grown from naclel to larger sizes. In order to understand the effecis

of nuclei in causing condenstation, one must know both the characteristics

of the nuclei and the resulting particles under known environnmental conditions.
Thus, the nuclei measurement devices will provide information about the
initial aerosol distribution while the optical particle counter and camera
will be required to be taken of the gas samples before they enter the chamber,
as well as during the experiment time in the chambers. These detectors are

of fundamental importance tc the total experiment program. These techniques
must be adapted for operation in a low gravity condition and functionally

cptimized for the specific experiment requirements. The recommended major
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components of the particle detector and characterized Subsystem to be developed
for the CPL are the following: 1) optical particle counter, 2) condensation
nucleus counter, 3) miecroporous filter, L) guartz crystal mass monitor, 5)
cascade impactor, 6) electrical aerosol size analyzer, 7) drop size distribu-
tion meter, 8) liquid water content mefer, 9) optical thermoelectric dew point

hygrometer, and 10) electrical dew point liygrometer,

4.5,2.4 Experiment Chambers

Five basic cloud chambers are utilized in microphysics research in the CPL.
The continuous flow diffusicn, static diffusion liguid and static diffusion
ice chambers oceprate on a thermal vapor éiffusion principie to provide con-
trolled supersaturated conditions. These chambers require thermally con-
trolled surfaces which are water or ice covered. The expansion and general
chambers require thermally controlled surfaces. These chambers are used to
define the relative humidity, pressure and temperature environment for the
experiments. In addition to the cloud chambers, an Earth Simulation Chamber
will simulate certain aspects of planetary and solar convection with its

attendant differential rotation.

Table 4=17 presents s summary of the CPL experiment chambers and their
characteristics. Included are surface types used, particle sizes,
experimental studies to be performed in each chamber and the chamber components

regquired.

L.5.2.5 Console

The CPL modifies a 2.7 m experiment segment of the ERNO configuraition Spacelab
to include a 1.56 m work station cabinet and a 0.5T2 m gquipment rack cabinet
on either side of the work station. Each of the 0.572 m cabinets will provide
a storage and accommodation space of 30.32 £t3, The work station will provide
a cabinet volume of 68.6h ft3, The console is comprised of the following
subassemblies:. console éupport structure, power contrel and distribution,

conscle panels and drawer, overhead storage and floor segment.
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Table 4-17
CPL EXPERIMENT CHAMBERS

Chanber

Surface

Type

Farticle
Sige

Experimental
Areas

Output
—

Chamber Components

Continuous flew diffusion

Statiec diffusion Liguid

Static diffusion ice

Expansion

-

General

Earth similaticn

liguid

liquid

hydrophobic

alectric
Ticlds

two rotaling
spheres, fluid
annuiusg

0.01 - 10 um

0.01 - 10 pm

1l um — 1 cm

0.1 um - 100 um

=100 pm

condensation
nucleation

condensation

nucleation

ice crystals

cloud simulation

large particle
interactions

Planetary snd
sular convection

sive
distribu-
tion

number

size,
shape

numpers,
mean size

chamber plate subassembly,
optical ports, wator wick-
ing surfaces, carrier air
subannembly, thermal
controllers

heat pipe, thermoslectric
modules, heat exchanger,
chumber walls, optical
ports, eguipment mounting
ports, wdter wicking
surface, thermal contrellers

heat pipe, thermeelectric
modules, heat exchanger,
chember walls, wptical
ports, eguipment mounting
ports, water wicking,
electriec field, optical
conditioning, acocustical
subassembly, scattaromeler
interface equipment,

light trap

chamber wall subassembly,
optical ports, mounting
ports, electric field,
optical heating, seousticsl
eguipment, expansion con-
troller, light Lraps,
scatterometer intertface
equipment, thermzl cvontroller

wall subassembly, opticel
poris, mounting poris,
electrie field, optical
heating, acoustical eguip-
ment, 1ight traps, scatter-
ometer interface equipment,
thermal conlroller

garth simalation model,
rotating subassembly, high
voltage subassombly, thermal
controllers

GRIGINAL
oF POOR

pacE B

QUAIm‘
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L.5,2.6 Optical Subsystem

The optical subsystem provides photography of objects in the experiment
chambers. Optical access is provided by a double walled viewing port. A

set ocoupling optics next to the viewport allows a variable focal zoom to
focus on particles in the chamber in the 8 to 30 cm range. A parallel light
output of the optics permits a confeeal stereo microscope‘and a film camersa
to view the particles at the same time through a beam splitter. The experi-
menter utilizes a small joystick type control to maintain focus on the

particles as they shift position.

The optical subsystem is comprised of 1) cine camera; 2) 35 mm still camera;
3) microscope trinccular; 4) 16 mm video camera assembly; 5) light source;
6) anemometer; 7) stereo microscope; 8) IR microscope; and 9) support equip-

nment and expendibles.

4.5,2,7 Data Management

The data management subsystem is comprised of the feollowing assemblies:

1) control processor; 2) tape recorder; 3) master control; 4) signal condi-
tioning electronics; 5) instrumentstion and display; and &) cables. The.CPL
data management subsystem interfaces and utilizes the 3pacelab computers‘via
the Spacelab remote acquisition units. Access is also made to the Spacelab

low-rate recorder and the video recorder.

h,5,3 Cost Estimates

A work breakdown structure {WBS) for the Cloud Phyéics Laboratory is shown in
Figure 4-22. The CPL equipment cost was calculated at the component level
{level T), then added up to the acsembly, subsystem and system levels.

System level (level L)} cost elements were then included to arrive at the
total CPL project level (level 3) cost., A discussion of the various cost
estimates, starting with the labofatory equipment cost, is given in the
following paragraphs. Cost items are provided in non—recurring.design and

development, recurring production and recurring operations.
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4.5.3.1 Cloud Physics Laboratory Cost

The CPL detailed cost data were obtained from Reference 4.5-1 and presented

in Table 4~18. The laboratory cost items are grouped according to laboratory
subsystems. Costs are presented for the design and development, production
and opration phases of the program. The costs thus presented include all costs
alloecated to the laboratory at the subsystem level. A summary of total CPL
costs is shown in Table b-19., Total project cost is presented in the follow-

ing paragraph.

L.5.3,2 C(CPL Project Cost

The CPL project cost includes the laboratory cost as well as costs estimated
at the system level. In addition tc CPL cost, the system level costs include
project management, system engineering and integration, system test, ground
support, logidties, ground and flight operations and principal investigators.
The CPL project cost is presented in Figure 4-22 on the WBS diagram. All
facilities have been considered as Govermment furnished and were thus not
included in estimating the CPL project cost. The total CPL project cost
estimate was found to be $21.33 million for non-recurring, $6.82 million

for recurring production and $16.73 million for recurring coperation, for a

total of $hb,9LT7,000.

b5 4 References

4.5-1 Zero Gravity Atmospheric Clioud Physics Experiment Laboratery,
Contract No. NAS8-30272, Final Report, MeDonnell Deouglas
Astronautics Company, September 19T7h.

4.6 SPACE PROCESSING FURNACE EQUIPMENT
4.6.1 Objective

The space processing furnace experiment is cne of the major payloads planned
for NASA's materials sciences and manufacturing in space (MS/MS) progranm.
The overall objectives of the MS5/MS program include the utilization of the

characteristics of the space environment for the development of materials
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{in thousands 19Tk dollars)

Table L4-18
CPI, LARBORATORY COST ITEMS (Continued)

Subsystem/Assembly Design & Develcpment | Producticon | Operation
h. Thermal Control/Expendables

Storage & Control Subsystem
a. Thermal control 970.3 24k, g 1215.2
b. Flew, humidity & pressure _

control 919.7 141.8 1061.5
¢, Expendables storage 2e2r.2 135.9 357.1
d. Instrumentation & display 22,1 204,90 227.0
e. Cleaning, purge and vent 167.9 37.2 220.1
. Spares 0 37.3 338.8
g. Integration, assembly and

checkout 185.3 £1.2 246.5

P. Particle CGenerators
a. Wire probe retractor 272,04 38,6 311.0
b. Water drop impeller T3 12.9 85.9
c. Vibratigg'orifice 273.9 79.6 353.5
d. Evaporation/condensation 1.7 33.0 124.7
e. Spray atomizer he .8 15.7 61.3
f. Powder dispersion 70.1 11.5 81.6
g. Particle injector 4l 338.2 105.1 h3.3
h. Instrumentation & displ%ﬁﬁ 53.8 19.5 73.3
%

i. Spares : 0 15,6 14¢.0
J. Integration, assembly &

checkout 172.7 25.3 198.0
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Table L4-18

CPL LABORATORY COST ITEMS (Continued)
(in thousands 19Th dollars)

Subsystem/Assembly Degign & Development Production Operation

3. Particle Detectors &

Characterizers
a. Optical particle counter 136.5 45.3 0
b. Pulse height analyzer 54,6 15.5 0
c. Condensation nucleus

counter 116,59 35.0 g
d. Microporous filter 14,4 9.2 0
e, Quartz crystal mass

monitor 6L1.2 47.9 0
f. Cascade impactor 2L .7 ‘ 11.9 0
g. Electrical aerosol

size analyzer 522.8 157.3 0
h. Scatterometer 233.7 59.7 0
i, Liquid water content meter 129.1 1.5 0
J. Droplet size distribution

meter 551.6 15G.0 0
k. Optical thermoelectric

dew point hygrometer HE ) 59. 4 0
1. Electrical dew point

hygrometer 28.3 6.6 0

.m. Instrumentation & display 8.5 32.0 0

n. Spares 4] 33.7 303.6

©. Integration, assembly &
checkout 276.2 54,8 0
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Table h-18

"CPL LARCRATORY COST ITEMS (Continued)

(in thousands 1974 dollars)

lSubsystem/Assémbly Design & Development Production Operation
L, Experiment Chambers
a. SBtatic diffusion liquid 197.1 98.3 0]
b. Static diffusion ice 557.6 232.7 0
c. General 37h.T 249.,6 0
d. Expansion 470.0 377.0 0
e. Continuous flow diffusion 2€5.6 131.5 0
f. Earth simulation 3hg.1 101.9 0
g. Spares 0 65.0 585.3
h. Integration, assembly
& checkout 199.4 185.7 C
5. Console
a. Console support structure G05.5 520.2 0
b. Power contrel & distribu-
tien 1k47.2 12G.1 50.7
c. Console panels & drawers 522.G 69.0 0
d. Instrumentation & display 8.8 6.4 2.5
e. Integration, assembly &
checkout 126.7 56.2 0
6. Optical Subsystem
a. Cine camer=a 151.8 43.2 C
h. 35 mm still camera T U 22.0 0
c. Micrescope trinocular 3L.7 3.0 0
d. 16 mm video camersa T30k 20.9 0
e. Light source 4.0 2.2 J
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Table L4-18
CPL LABORATORY COST ITEMS (Continued)

(in thousands 197h4 dollars)

Subsystem/Assembly "Design & Develcopment Production Operation

f. Aneomometer 505.5 143.9 0
g. Stereo microscope £5.0 15.2 )
h. TR microcscope 1200.6 271.9 0
i. Support equipment &

expendables 83.1 11.»2 0
J. Displays 15.0 7.3 0
k. Spares 0 26.9 2h2.5
1. Integration, assembly &

checkout 176.9 43.8 0

. Data Management

a. Control processor Th1.9 18Lk.o 0
b. Tape recorder 0 0 o
c. Master control 203.3 28. 4 0
d. Signal conditioning 908.1 2hs5.3 0
e. Instrumentation & display 586.8 180.0 Q
f. Expendahles 0 0 k2.0
g. Cables 24 .7 63.1 0
h. Spares 0 3k4.5 31.0.4
i. Integration, assembly &

checkout 197.2 56.0 0
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Table 4-19

CLOUD PHYSICS LABCRATORY COST SUMMARY

Costs in Millions of 1974 Dollars

Cost Item DDT&E Production Operations Total

Thermal Control/Expendables Storage
and Control 2.501 0.864 0.969 4,33k
Particle Cenerators 1.391 0.357 0.1L0 1.888
Data Management 2.662 0.791 0.352 3.805
Particle Detectors and Characterizers 2.506 0.77L 0.304 3.584
Experiment Chambers 2.693 1.hoe 0.585 4,770
Console 1.711 D.792 0.053 2.556
Optical Detection and Imaging Devices 2.387 0.618 0.411 3.h16
Final Assembly, Integration and Checkout 0.793 0.273 - 1.066
Total 16.644 5.961 2.81h 25.419




techniques and processes to advance materials technelogy and to establish
processes to economically manufacture products in space for use on earth.
Five equipﬁent assemblies are planned for use in the MS/MS program. Included
are the furnace, biological, levitation, general and core eguipment assemblies.
Different missions will bhe comprised of different combinations of equipment
agssemblies. The space processing furnace experiment is comprised of the
furnace and core assemblies and will include coﬁducting heat/melt/cool
experiments to study the effeects of reduced gravity upon material processes.
Specific investigations planned for this experiment include the following:

1) study of molten zore crystal growth; 2) study of crystal-pulling-molten
zone techniques; 3) study of crystal growth in agquecus solutions and Fluxy

4) investigation of whisker growth from a vapor; 5) mixing studies of
conventional glass preparation; '6) purification of metals by zone. refining;
7) solidification of immiscible materials; 8) solidification of particle/
fiber reinforced composites; 0) directional solidification of eutectics;

and 10) gas phase dispersicn in liquid metals.

4.6.2 Experiment Description

The space processing Turnace experiment is compriséd of two different egquip-
ment assemblies. The Furnace assembly is directly used to perform experiments.
The second equipment assembly, the Core, includes the information processing,

display and fluid supply systems used in supporting the experiments.

The Furnace equipment assembly is basically used for conducting experiments
involving high temperature processes, with the materiai samples encapsulated

or held in place by some mechanical suppert fixtures. Typical experiments
include melting, mixing and solidification of composite materials, #arious
gelected technigues of crystal growth, directional scolidification of eutecte
alloys and zone refining of elemental materials, ceramics and elloys. The
primary processing equipment for the Furnace assembly will be the heating units,
associated power conditioning and control devices and the temperature measure-
ment capability. The Furnace experiment assembly includes the following

equipment:
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A, PFunclosures/Furnaces —— including a general purpose enclosure with a
resistance and microwave heater, an 1800°C hot wall furnace, a 1200°C

hot wall tube furnace and a gradient furnace.

B. Furnace Accessories -- including mixing and dispersal units, manipula-
tion and displacement units, & sample cooling chamber, a zone refiner

and a directional solidification unit.

C. Vacuum System -- including a high vacuum pump, a molecular sieve unit

and a vacuum pump power conditioner,

D. Instrumentation and Measurement System —- including temperature
measuring pyrometers, vacuum/pressure regulator, vacuum/pressure

measuring unit and a residual gas analyzer.

., Power Conditioning Equipment - including a 10 kw low volt/high amp, 2
KHz-2MHz induction, a 17 kv high voltage and a mixing ané dispersal

RF induction units.

The Core eguipment assembly acts as a service unit for the other egquipment
assemblies. The heart of the Core is the information processing system which
provides for data scguisition and for processing of data for control purposes.

The Core equipment assembly comprises the fellowing equipment items:

A. Information Processing System -- including three major subassemblies,
the dats acquisiticon units, the data contrcl unit and the analog

controller.

B. Display System —-- including an cscilloscope and an electro-optical

imaging system.

C. Fluid Supply System -- providing inert, oxidizing and reducing gases

required for the experiments.

4L.6.3 Cost Estimates

A work breakdown structure (WBS) for the Space Processing Application (SPA)
prcject is shown in Fig. 4-23. An estimate of the cost of the SPA project
would include all the planned payload configurations and missions, facilities,

and ground and flight operations. Included also will be the recurring cost
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of project management, system engineering and integration, SPA experiments,
ground support and logistics functions performed during the cperational phase
of the program. This study, howsver, is limited to one payload configuraticn,
that of a Furnace experiment. Cost estimates are given for both the non-
recurring design and development and the fecurring production phases of the
payload. A discussion of the various cost items 1s presented in the following

paragraphs.

4.6.3.1 Laboratory Egquipment Cost

Laborstory equipment cost estimates are presented in Table L-20, which includes
component quantities, development status and component development and pro-
duction cests. The component development status, as well as the cost of many
of the commercially available components, have been obtained from the NASA/
TRW study report in Reference L4L.6-1. The costs of commercially available
components, identified by TRW as requiring minimal design changes to be
incorporated into the MS/MS payload, were used exactly as provided in the TRW
report. The use of a large number of such components in the Furnace experiment
resulted in a lower overall experiment cost than obtained in comparable experi-
ments. Estimates of development and production costs of compenents that are
vet to be developed and produced have been obtained from other programs such

as the Zero=-Gravity (loud Physics and the Life Sciences Payload Btudies. In
all casges the cost estimates were kept at a conservative level in keeping with
the apparent referenced study philosophy of flying qualified commercial

type equipment. The laboratory egquipment cost obtained from the summation

of data in Table 4-20 is given as follows:

laboratory equipment non-recurring design and development cost = $1,145,000

laboratory equipment recurring production cost, per flight unit = $745,000

L.6.3.2 Data Management and Interface Electronic System

The data management and interface electronic system comprises all the monitor-
ing instrumentation required by the experiments, as well as data acquisition,
processing, control and storage. Full use is made of the equipment and
capabilities supplied by the Spacelab. The Spacelab computers will process,

display, store and/or telemeter the data, as required. The data management
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Table 4-20
COST OF SPACE PROCESSING FURNACE EXPERIMENT EQUIPMENT

Unit Cost, x1000 Dollars
Development
Component Quantity Status® Developnent Production

1. Encloéures/Furnaces

Generai Purpose

Enclosure Chest 1 B T0 50

Resistance Heater 3 B 20 5

Microwave Heater 1 C 250 50

Hot Wall Furnace

(18000C) 1 B 100 30

Hot Wall Tube Fur-

nace (1200°C) 1 B 50 20

Gradient Furnsace 1 B 70 Lo
2. Vacuum System

High Vacuum Pump 1 A 0 l

Molecular Sieve 1 B 20 20

Vacuum Pump Power

Conditicner 1 A 0 2
3. Furnace Accessories

Acoustie Mixing and

Dispersal Unit 1 c T0 30

Electromagnetic

Mixing and Dispersal

Unit 1 C 50 30

¥Legend: {A) item available; may require minimal design change for
incorporation in space processing furnace experiment.
(B} item where state of the art is sufficient to permit custom
degign without further technological development.
() item that reguires advancement of state of the art or
original design item.
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Table L-20
COST OF SPACE PROCESSING FURNACE FXPERIMENT EQUIPMENT (COHtinHEd)

Unit Cost, x1000 Dollars
Development
Component Quantity Status® Development Production
Mechanical Mixing
and Dispersal Unit 1 C 30 15
Three Axis
Manipulator 1 & 0 2
Peed and Crystal
Holder 1 C TO 25
Piezcelectric Drive 1 B 50 15
Sample Cooling
Chamber 1 B Lo 10
Zone Refiner 1 B Lo 12
Directional
Solidification Unit 1 B 50 10
4. Power Conditioning
Low Volt/High Amp
(10 %w) 1 A 0 10
RF Induction
(2 KHz-2MHz ) 1 A 0 18
High Voltage
{17 xv) 1 A 0 I
RF Induction
(Mixing and
Dispersal) 1 A 0 5

¥Legend: (A) item available; may require minimal design change for
incorporation in space processing furnace experiment.
(B) item where state of the art is sufficient to permit custom
design without further technological development.
(C) item that requires advancement of siate of the art or
original design item.
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Table L4-20

COST OF SPACE PROCESSING FURNACE EXPERIMENT EQUIPMENT (Continued)

Unit Cost, x1000 Dollars
Development
Component Quantity Btatus#* Development | Production
Instrumentation and
Measurement
Two-Color
Pyrometer i A 0 6
IR Pyrometer 1 A 0 5
Laser Pyrometer 1 C T5 25
Vacuum/Pressure
Regulator 1 A 0 1.5
Vacuun/Pressure
Measurement 1 A 0 0.8
Residual Gas
Anglyzer 1 A 0 14
Core Equipment
Digital Clock 1 A 0 1.5
Digital Voltmeter 1 A 0 2.5
Printer (Output) 1 A 0 1.5
Signal Conditioner 1 A 0] 1
Set Point Controller 1 A 0 I
Scanner Programmer 1 A 0 3.5

¥Legend:

(&)

item available; may require minimal design change for

incorporation in space processing furnace experiment.

{B)

design without further technological development.

original design item.
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Table L4-20
COST OF SPACE PROCESSING FURNACE EXPERIMENT EQUIPMENT (Continued)

Unit Cost, x1000 Dollars
Development
Component Quantity Status® Development Production
Multipleker
A/D Converter 1 A 0 b
Processor Unit 1 A 0 T
Input/Output Stage 1. A 0 3
Teleprinter 1 A 0 Iy
Digital Storage
Unit 1 A 0 10
Operator Control
Unit 1 A 0 2
Tape Input Unit 1 A 0 6
ctorage
Peripherals - A 0 2
Analog (SCR)
Controller 1 A 0 L
Oscilloscope 1 A 0 20
Electro-Optical
Imaging System 1 B : 20 150
Fluid Supply System 1 B 70 50

¥Legend: (A) item available; may require minimal design change for
incorporation in space processing furnace experiment.
(B) item where state of the art is sufficient to permit custom
design without further technological development.
(C) item that requires advancement of state of the art or
original design item.
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and interface electronic system cost includes signal conditioners and other
experiment electronic interface equipment, as well as procuring and installing

environmental instrumentation. The total system cost is given as follows:

data management and interface electronic system non-recurring cost =
$940,000
data management and interface electronies recurring production cost =

$370,000

4.6.3.3 Power Control and Distribution System

The power control and distribution system comprises the contrcls and distribu-
tion equipment to supply and manage électirical power to the experiment hard-
ware. The cost of the oxygen and hydrogen reactants for the fuel cells are
chargeable to the payload but have not been included here since they pertain

to the operational phase only.

Power control and distribution system cost is summarized as follows:

o

$280,000
$160,000

Non-recurring cost

Recurring production cost

L.6.3.h4 Consoles

The cost of consoles for the space processing furnace experiment includes
the integration, assembly and checkout of the conscles, including the panel
assemblies, instrumentation and displays. The cost of the consoles is given

as follows:

$1,700,000
$ 790,000

consoles non-recurring cost

13

consoles rucurring production cost

4.6,3.5 Experiment Support System

Thig cost item includes provisions for photographic equipment, experiment
interfaces and cooling system interfaces. The photographic equipment includes
cameras, controllers and drive mechanisms required to support all experiment

locations. Equipment interfaces include structural, mechanical and electrical
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interfaces required between different components. The cooling system inter-
interfaces include interfaces and special cocling requirements for the
directional solidification unit and the sample cooling chambers. Experi-

ment support costs are as follows:

$770,000
$150,000

experiment suppert design and development cost

experiment support production cost

L_A,3.6 Final Assembly, Integration and Checkout

This cost item incliudes the integration of experiment assemblies in the
Spacelab and providing the necessary interfaces with the vehicle subsystems.
Final assembly checkouts, including the checkout of the ground support system
and interfaces, are also included in this cost item. A summary of non-

recurring and recurring costs is given as follows:

L]

$790,000
$270,000

final assembly, integration and checkout non-recurring cost

final assembly, integration and checkout recurring cost

L.6.3.7 Space Processing Furnace Experiment Payload Cost

The cest of the space precessing experiment is obtained from the summation
of the cost items given irn the preceding paragraphs and summarized in

Table L~21. The total cost of the experiment payload is $8,110,000, includ-
ing $5,625,000 non-recurring and $2,485,000 recurring.

L,6.4 References:

4.6-1. Requirements and concepts for materials science and manufacturing in
space payload equipment study, final study report, Volumes ITA through

TTE, Contract No. NAS8-28%38, TRW Systems Group, Redondo Beach, California,
July 1973.
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Table h-21
SPACE PROCESSING EXPERIMENT COST SUMMARY *

Cost in Thousands of 1974 Dollars
Cost Item Design and Development Production Total
Payload Equipment 11k5 Th5 1890
Data Management and Interface Flectronics . SHYy} 370 - 1310
Power Control and Distribution 280 160 Lyo
Conscles 1700 790 2hgo
Experiment Support 770 150 920
Final Assembly, Integration and Checkout 790 270 1060
Total 5625 : 2L8s 8110

(#) All cost items includes their share of system level cost, including project
management, system engineering, system test and ground support.



Section 5

SPACELAB LIFE SUPPORT SUBSYSTEMS

Three life support subsystems applicable to the shutile Spacelab have been
cost analyzed and are presented in this section, Inclﬁded are 1) cabin
thermal control; 2) atmospheric supply and pressurization; and 3) trace con-
taminants control subs&stems. Quantitative analyses of subsystem character-
istics, including process flows, performance and physical charscteristics,
were conducted. BSubsystem cost models and cost estimating relationships
also were developed, Subsystem schematics were prepared to shown component
arrangements and fluid flows. Necessary heat and mass balances were made o
determine component gizes and characteristics. Existing component, available
from other programs, were utilized whenever possible in order to reduce sub-
system cost. Components were thgn cast analyzed utilizing cost esﬁimating
relationships derived in the first phase of the study. OSubsystem cost
estimates were established from the summation of individual component CER's
in a building block fashion. The validity of component CER's was verified
when applied to a number of Skylab components and found to agree favorably
with actual cost data. A summary of the cost datz calcualted for the three
life support subsystems evaluated is presented in Table 5-1, which shows at
a glance a comparison between different subsystem ccsts, separated into non-

recurring and recurring categories.

In addition to the subsystems presented in this section, cost estimates of
1L types of advanced life support subsystems for Spacelab applications may
also be readily msede by employing the data derived in the first phase of this
study and reported in McDonnell Douglas Reports MDC G-4630 through

MDC G-L463L, all dated June 1973.

i
"
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Table 5-1

LIFE SUPPORT SUBSYSTEMS COMPARISON SUMMARY

{in thousands of 1974 dollars)

Cabin Thermal Control Atmosphere Supply and Trace Contaminant
Cost Ttem Subsysten Pressurization Subsystem § Control Subsystem
Kon-Recurring Cost B
e Engineering design 585 7oL L7
e Program management TO 29 31
¢ Genersl and administrative 302 k10 215
e System engineering 240 250 131
e System integration 649 398 209
e Development, gualification 635 480 252
and reliability tests
e System test 63h 389 20k
e Non-accountable test hardware 58 T9 ko
e Specifications, vendor 767 6L8 3Lo
coordinations and procure-
ment expense -
e Minor subcontracts 29 18 9
e Tooling 136 185 97
e GSE 1,433 878 461
Recurring Hardware Cost hos 413 334
Total Subsystem Cost 5,963 5,001 2,742




5.1 THERMAL COKNTROL SUBSYSTEM

5.1.1 BSpacelalh Thermal Control Subsystem Requirements

The Spacelab thermal control subsyétem will be assumed to have the following

design requirements:

Temperatures
Atmosphere dry bulb 65 - 80°F
Atmosphere dewpoint (range) 39 -~ 60°F
. Inside Wall {max) 118%F
. Forced cooling air {(max} 122°F
Payload H/X water outlet Lo + s°F
Heat Loads

Metabolic {nominal)

total 560 Btu/hr/man
sensible 350 Btu/hr/man
latent ' 210 Btuw/hr/man

Carbon Dioxide Removal Equipment

total 120 Btu/hr/man
sensible 82 Btu/hr/man
latent 38 Btu/hr/man
Number of Crew (nominal) 3 men
Electrical Power (nominal) 23,890 Btu/hr
(7000 watts)
Structural Heat Loss to 890 Btu/hr
Orbiter (max)
Orbiter Heat Rejection Capability 29,000 Btu/hr
for Spacelab
~ Added Capability for Peak Cooling k2,320 Btu/hr {15 min
{using phase change thermal per 3 hr period)
control)

Maximum Module Heat Leak : 1,310 Btu/hr
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Available Paylcad Coollng

Module Atmosphere 3,412 Btu/hr (65 - 80°F)
Avionics Bey Atmosphere 10,683 Btu/hr {75-122°%)
Pallet Cold Plates 15,530 Btu/hr (75—1090F)
(when in pallet ~ only mode) 22,525 Btu/hr (50-90°F)

5.1.2 Subsystem Descripticn

The Spacelab thermal control subsystem (TCS) utilizes a dual water/freon loop
for active thermal control and high perfofm&nce insulation, thermal coatings
and thermal isolators for passive thermal control. The Spacelab TCS carries
excessive heat from the module and/cr pallet-mounted avionics by coolants from
the pallets and the module to the orbiter payload heat exchanger. Independent
fluid lcops are provided for the pallet and module groupings to accommcdate
the modular cap&bility of the many Spacelab configurations. Water iz used as
the coolant fluid in the c¢abin to minimize potential fire or toxicity hazards
in the habitable areas. Additionally, the selection of a water loop enables
the use of orbiter-iype pump and heat exchanger thus eliminating the cost of

the design and development of new components.

The separate pallei loop is filled with freon and interfaces with either the

module or the orbiter heat exchanger, depending upon the Spacelab configuration.

Each coolant loop incorporates redundant pumps and filtration; each loop also
has a positive displacement accumulator, check wvalves, ground servicing quick
disconnects, temperature and pressure instrumentation. The module has inter-
loop and orbiter/payload heat exchangers and a thermal capacitor to accommo-
date thermal transients. Heat enters the loop from the condensing and

avionics heat exchangers.

The pallet locop alsc incorporates pumps, filtration, check valves, instrumen-
tation and an accumulator. Cold plates and avionics heat exchangers provide
direct heat transfer into the loop, with thermal capacitor elements incorpo~
rated to accommodate local thermal transients. When the Spacelab is operated
in the pallets-only mode, a separate water loop is incorporated between the
pallet and the orbiter/payload heat exchanger to maintain functional interface

ldentity.
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All configurations are provided with ground support equipment to serviee,

sample and aperate the independent or combined fluid loops.

Signal conditioning and display equipment has the capability of verifying the
measurement accuracy of transducers and to command varying cperating modes.
Only the Spacelab cabin TCE, utilized in manned Spacelab configurations. is
analyzed in this section. The Spacelab cabin TCS consists of three primary
loops: (1) the cabin gas loop; (é} the avionics gas loop; and (3) the water
loop. The water locp integrates the subsystem by providing heat transport
between the. gas loops and the pallet and orbiter interfaces. A schematic of
the Spacelsb cabin TCS, showing tentative arrangement of the TCS components,
is presented in Figure 5-1. A brief description of the function of each of

the three loops is given as follows.

5.1.2.1 Cabin Gas Loop

In the cabin gas loop, air is drawn from the cabin into a filter/debris trap
assembly upstream of redundant cabin fans. Check valves are provided to pre-
vent recirculation through inactive fans. Downstream of the cabin fans,
lithium hydroxide canisters are provided for carbon dioxide control. Cabin

air cooling and humidity control are provided downstream of the lithium hydrox-
ide canisters by a condensing heat exchanger which interfaces with the water
loop. Condensed moisture adheres to the surface of the heat exchanger fins by
surface tension. At the outlet of the heat exchanger air passage, a [low

of 30 lbs/hr consisting of a mixture of water and air is drawn and routed
through the water separator assembly. The water is separated from the air by
centrifugal effect and delivered into the condensate storage tank. The dry air
is then returned to the eabin. At the water outlet of each separator, fluid
check valves are provided to prevent water backflow. The capability is also
provided in the condensate collection system for dumplng water overboard for
long~-duration missions and contingency situations. A modulating valve with
redundant actuators is provided upstream of the condenser for cabin tempera-
ture control. The valve automatically modulates air flow around the condensing
heat exchanger depending on return cabin air temperature sensed at the inlet of

the cabin TCS.
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5.1.2.2 Avionics Gas Loop

The avionics gas loop provides forced air cooling for avionics equipment
located in s compartment isolated from the cabin air. Ilow in the loop is
provided by the avionics fan assembly, which consists of redundant fans, two
check valves and filter for ocdor and contaminant control. Downstream of the
fan assembly, flow is ducted through the avienics heat exchanger interfacing
with the water loop. The flow is then delivered to the avionics compartment

where it is internally ducted.

5.1.2.3 Water Loop

The water loop collects and transfers heat between equipment in the cabin and
the pallet and orbiter interfaces. A separate water loop ié provided instead
of a single pallet-cabin coolant loop, because of the potential hazard of using
fluid other than water within the cabin. The water pump and accumulator
assembly is used to direct the water through the interloop heat exchanger., the
thermal storagé unit,'the payload heat exchanger and the condénsing heat
exchanger. The coolant is then directed to the avionics heat exchanger assem-
bly which is the heat zink for forced air cocoled electronies. The interloop
hest exchanger transfers heat from the pallet freon lcop to the water loop.
Downstream the interloop heat exchanger the thermal storage element is provided
to accommodate peak loads. The orbiter payload heat exchanger is used to

reject a heat load of up to 8.5 KW.

A 2isting of the cabin thermal contreol compenents is given in Table 5-2, which
also indicates the weight, power requirements and design status of the assem-

blies involived.

5.1.3 Cost Estimating Relationships

The components utilized in the cabin TCS have been grouped in six groups,
designated I through VI, as shown in the subsystem schematic, Figure 5-1.
Cost estimating relationships are developed for‘each of the component groups
and then sumed up for a total cost estimate. Components shown in Figure 5-1

but pertaining to 002 removal are npt included in the analysis. HNot included
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Table

5-2

SPACELAB CABIN TCS COMPONENTS LIST

Component

Unit Wgt
{1bs)

Power
(wattg)

Design Status

Cabin Fan Assembly

Cabin Fan (3)
Particulate ¥ilter
Check Valve (3)
Sensor, Temperature
Sensor, Pressure (2)

Condensing Heat Exchanger/Water

Separator

Condensing Heat Exchanger
Water Separator (2)
Temperature Sensor {2)
Selector Valve {2)

Check Valve, Cas (2)
Check Valve, Liguid (2)

Condensate Tank Assembly

Condensate Tank

Shutoff Valve, Liquid
Shutoff Valve, Gas
Pressure Sensor, Liquid
Disconnect Valve
Quantity Sensor

Coolant Pump and Accumulator
Assembly

Accumnlator

Pump, Cooclant (2)
Filter

Quantity Sensor
Pressure Sensor

Check Valve, Liquid (2)
Disconnect Valve

Temperature Controller Assembly

Temperature Controller
Temperature Control Valve
Temperature Sensors (2)

oo+
o

O O QWO
NN OO

O o0 OO
=ro o
[ =g

=

450

20

50

Requalification

Modified Design

New Design

Requalification

Modified Design




Table 5-2

SPACELAB CABIN TCS COMPONENTS LIST {Continued)

Component

(1bs)

Unit Wgt Power

(watts)

Design Status

Avioniecs Cooling Assembly

Fan (2)

Filter

Avionics Heat Exchanger
Check Valve (2)
Pressure Sensor (2)
Temperature Sensor (3)

240

New Design

also are the interface thermal control components located outside the manned

compartment, which comprise the interloop heat exchanger, the thermal storage

unit and the payload heat exchanger.

5.1.3.1 Recurring CER's

A. Cabin Fan Assembly

The cabin fan assembly CER is primarily dependent on electrical *pover

input to the unit and is given by the following relation:

0.942

0.89

Cabin fan assembly cost ¢ = 45,8 P Q + 2630 WCC dollars
where,
= electrical power input to fan = U450 watts
= number of fans = 3, and
wOC = weight of associated components, such as filters and valves =

3.28 1bs

Substituting the values of the variables in the above equation results

in the fcollowing:

Cabin fan assembly cost C = L7,100

59

dollars



Condensing Heat Exchanger/Water Separator Assembly

The CER for the condensing heat exchanger/separator assembly will
utilize a heat exchanger CER for the condenser and assume the separator
to be part of the assoclated components, WGC‘ The condenser/separator

cost equation 1s given as follows:

¢ = 190 W0+267 7% 3551 W dollars
where,

W = condenser weight = 46 1bs

NP = number of ports per condenser = 5

WOC = welght of other components = 11.22 1lbs

Substituting the value of variables in the above CER yields:
Condenser/separator assembly cost C = 47,280 dollars

Condensate Tank Aszembly

The following CER is used to assess the cost of the condensate tank

assembly:
_ 0.267
Condensate tank assembly cost C = 2302 V + 3551 wa dellars
where,
v = volume of accumulator, ft3, and
WOC = weight of other components, 1lbsa

Substituting the wvalue of variables in the above equation, where

vV =1.79 ft3, and Wy, = 3.08 1bs, yields:

C = cost of condensate tank assembly = 13,626 dollars
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Coolant Pump and
The coolant pump

Accumilator Assembly

and accumilator assembly CER combines cost estimates

for the pump, accumilator and associated components, comprising valves

and sensors, as

Coolant pump

where,
P = electr
Q@ ¥ number
v = volume
WOC = weight

Substituting the

Coolant pump

Temperature Cont

follows:
and accumalator cost ¢ = 109 PO'9Ll2 QO'BQ
+ 2302 VO'26T
+ 3551 WOC dolliars

ical power input to pump = 50 watts

of pumps used = 2

of accumlator = 0.05 ft3, and

of associated equipment = 4,22 1bs

values of wvariables in the above CER yields:

and accumulator cost C = 21,882 dollars

roller Assembly

This assembly comprises a temperature control valve, a temperature

controller and s
on cost data of

and is given as

Temperature
where,

Wi = weight

W2 = welght

W. = weight

ensors. The CER developed for the assembly is based
¥
similar components in the Gemini and Skylab programs

follows:

controller assembly cost C = 230h-wl + 5700 W,

+ 3551 W3 dollars

of temperature control valve = 4.0 1bs
of temperature controller = 2.2 1bs, and

of temperature sensors = 0.9 1bs

51



Substituting the values of variables in the above CER yields:
Cost of temperature controller assembly C = 2L, 952 dollars

F. Avionics Cooling Assembly
The avicnics cooling assembly comprises the avionies condenser,

filters, fans, sensors and valves. The following CER is used for the

avionics cooling assembly:

Avionics cooling assembly cost C = 159 WO'267 NP1'905
+ o1 Po.9h2 Q0.89
+ 2950 WOC dollars
where,
W = hesat exchanger weight = 84 1bs

Np = number of ports per heat exchanger = L

= electrical power input to fan = 240 wattis
= number of fans = 2, and

WOC = yweight of assccisted components = 3.54 1bs

Substituting the value of variables in the above CER yields:

Cost of avicnics cooling assembly C = 56,652 dollars

5.1.3.2 Recurring Cost of Integrated Cabin TCS

The integrated cabin TCS cost is obtained by adding up the recurring cosis of

individual components and utilizing overall factors for packaging and

assembly, resulting in the following:

Spacelab cabin TCS recurring cost = 1.833 x 11 x (47,100 + 47,280
+ 13,626 + 21,882 + 24,952

+ 56,652) = L25,008 dollars
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5.1.3.3 Non-Recurring Cost of Spacelalb Cabin TCB

In establishing the non-recurring costs of the'Spacelab TCSZ two methods were
used: 1) for new design assemblies, the methbdology developed in this study
for fhe design and develoﬁment phase expenditure was applied; and 2) for
requalified and modified design assemblies the method used was that of quali-
fying already developed equipment for use in flight eiperiments. The cost
estimate of management, testing and qualificaticon of previously developed
hardware has been developed before in this study and is presented above in

paragraph 3.3, Qualification of Commercial Hardware.

The non-recurring cost of new design assemblies is obtained by utilizing a CER
developed for englineering design and adding to it the cost of other non-
recurring functions on an aversge percentage basis. The engineering design
CER is based on the analysis of a number of cost influencing parameters which
indiecated that design cost is mainly a function of the number of compeonent

types (M) in each system and is given by the following relation:
TCS new assemblies design cost Cp = hil,922 W + 123,530 " dollars

A study of Table 5-2 indicates that new design assemblies comprise 11 different

component types. Accordingly,

The design cost of condensate tank and avionics cooling

assemblies Cp = 584,672 dolliars
Utilizing the cost breakdown ratios for other non-recurring function,

The total design and development phase cost of the condensate

tank and avionics assemblies = 3,377,655 : dollars

For the requalified and modified design components, a study of Table 5-2 indi-

categ that they pcossess 14 different type components. Thus,

The design cost of requalified and modified
assemblies Cp = 710,438 dollars
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Therefore, applying the methodology described above for gualifying already

developed components, we obtain:

Total design and development phase costs of requalified and

modified assemblies = 2,160,454 dollars
and,

Totai non-recurring costs of cabin TCS = 5,538,108 dellars
5.1.3.4 Cabin TCS Total Cost

The total cost of cabin TCS = 5,538,108 + 425,098 = 5,963,206 dollars

5.2 ATMOSPHERIC SUPPLY AND PRESSURIZATION SUBSYSTEM

Atmospheric supply and pressurization subsystem (AS&PS) design requirements

and a representative subsystem description, based on the current ERNO Con-

sortium configuration, are presented in the following paragraphs. Included

2ls0 are the cost estimating relationships and the estimated cost of designing,

developing and procuring an AS&EPS for the Spacelab.

5.2.1 Atmospheric Supply and Fressurization Subsystem Requirements

The Spacelab AS&PS will be assumed to have the following design requirements:

Atmosphere Total Pressure
Oxygen Partial Pressure
Atmosphere Relief Fressure
Atmosphere Leakage, Max.
Metabeolie Oxygen Consumption
Pressurized Volume:

Core Segment

Experiment Segment

Experiment Airlock

5-14

14,7 + 0.25 psia
3.2 + 0.25 psia
15.04 psi

3 1bs/day

1.8 1bs/man-day
1235 £4°

oo ft3
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Wumber of Airlock Repressurizations 1/day

Alirloeck Repressurizing Gas Dry nitrogen
Flow Rate, Max. 0.5 1lbs/min.
Emergency Oxygen 6 man-days

The Spacelsb AS&PS consists of two identical high pressure (3000 psi) storage
tanks containing 47.1 1bs of oxygen and 34.3 1bs of nitrogen. Storage of
emergency oxygen is available in the excess capacity of the oxygen tank. The
tanks are equipped with pressure relief valves to protect against overpres-

surization and with burst discs upstream of the relief wvalves to aveid leakage.

The total Spacelab gas storage requirements for a representative T-day mission

are given in Table 5-3.

The AS&PS has been designed to provide dry nitrogen for airlock repressuriza-
tion to prevent condensation on airlock equipment. After the zirlock is opened
to the cabin, the airlock nitrogen mixes with cabin air. When the airlock is

depressurized, some cabin oxygen is alsc dumped overboard. ‘For worst case

Table 5-3

SPACREIAB TOTAL GAS STORAGE REQUIREMENT
FOR A SEVEN-DAY MISSION

Oxygen
Metabolic Consumption 25.8 1bs
Airlock Repressurization 5.5 1bs
Leakage 4.8 1bs
Emergency Oxygen Available 11.0 1bs
-Total GO, Storage 47.1 1bs
Nitrogen
Airlock Repressurization 18.% 1bs
Leakage 15.8 1bs
B Total GN, Storage 3L.3 1bs
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conditions, when there is minimum cabin leskage, the resulting oxygen partial
pressure may be low and it may be required to compensate for lost oxygen.
Thus, the quantities shown for airlock repressurization include gases to pro-

vide for this compensation.

5.2.2 BSubsystem Description

A schematic of the Spacelab AS&PS is shown in Figure 5-2. The cabin atmo-
sphere composition control 1s provided by a continuous regulation system used
to control the flow and pressure of oxygen and nitrogen. Oxygen and nitrogen
are delivered from the gas storage tanks to separate high pressure regulation
assemblies each of which contains manually selectable redundant components.
Nitrogen is reduced to a pressure of 150 psia and delivered to the inlet of an
atmosphere pressure control assembly containing redundant nitrogen solenoid
valves. Oxygen 1s reduced Lo a pressure of 120 psia and delivered to a point
downstream of th@ atmosphere pressure control assembly. Either oxygen or
nitrogen is delivéred to the total pressure regulator. The selectlon of gas

tc be delivered is made by a flow controller which receives gignals from three
cxygen partial pressure sensors. When at least two of these sensors indicate
that the oxygen partial pressure is at the required level of 3.2 + 0.25 psi,
the oxygen partial pressure controiler opens the two redundant nitrogen
solenoid valwves. Thé higher nitrogen pressure prevents oxygen flow and cnly
nitrogen is delivered to the total pressure regulator. When the oxygen partial
pressure falls below its required level, the nitrogen solenoid walve is closed
and cnly oxygen is delivered. Either one of two redundant total pressure regu-

lators may be manually selected for operation.

The AS&PS contains instrumentation required to monitor and evaluate performance.
FParameters required for routine cperation of the Spacelab are displayed on the
EC/LS monitor. All messurements are telemetered permitting ground station
determinaticn of malfunctions at the functional level. Manual crew selecticn
of redundant components restores nominal section performance in the event of

equipment failure.
The Spacelab structure is protected against excessive internal pressure by an

assenbly containing redundant pressure relief valves equipped with manual over-

rides. The valves are degigned to relieve pressure alsc in the inward
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direction.in the event that a negative pressure differential occurs during

descent.

They cean also be used to manually or remotely depressurize the

Bpacelab in the event of smoke or fire or accidental release of toxic gases.

A listing of the AS&PS components is given in Table 5-4, which also includes

component quantity and welghts and nominal power reguirements per assembly.

Included alsc in Table 5-L is the design status of each assembly.

5.2.3 Cost Estimating Relationships

The recurring and non-recurring cost estimating relationships for the Spacelab

ABETS are presented in the following paragraphs. In order to facilitate the

calculations, the AS&PS has been divided into five major groups, designated I

through V, as shown in the system schematic, Figure 5-2.

5.2.3.1 Recurring CER's

A.

Gaseous Atmospheric Supply

The recurring CER's for the GO, and the GN, tanks are given by the

2 2
following equation, developed for high pressure gaseous storage tanks:

Gageous tank cost € = 22,361 VO'3TT QO'89 + 3551 WbC dollars
where,

v = yvolume of tanks = 2.50 ft3

@ = number of tanks = 2 and

wOC = weight of associated components = 5.98 1bs.

Associated components denote fill and relief wvalves and other valves
and sensors associated with the operatidn of the tamks. An assembly
integration factor is used at the subsystem level to account for
necessary piping and packaging. Substituting the values cf variables
in the above equation yields the following:

0.377 x 20.89

C = 22,31 x 2.59 + 3551 % 5.98 = 80,550 dollers
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Table 5-k

ASRPS EQUIPMENT LIST

Conmponent

Quantity

Unit
Wet.
(1bs)

A%
Nominal
Power
(watts)

Design
Status

Gaseous Atmospheric Supply Assy.

Oxygen/Nitrogen Tank
Pressure Sensor, Tank
Temperature Sensor, Tank
Quantity Indicator, Tank
Oxygen/Nitroger Fill Valve
Burst Disc :
Relief Valve

Regulator Assemblies

Shutoff Valve

Pressure Regulator, Oxygen
Relief Valve, Oxygen
Check Valve, Oxygzen
Pressure Sensor, Oxygen

Shutoff Valve

Pressure Regulator, Nitrogen
Relief Valve, Hitrogen
Check Valve, Witrogen
Pressure Sensor, Nitrogen

Controller Assembly

Solenolid Valve, Nitrogen
Valve Position Indicator
Shutoff Valve

Flow Indicator, Nitrogen
Check Valve, Dxygen

Flow Indicator, Oxygen
Cabin Pressure Reguiator
Pressure Sensor

Controller, Oxygen Partial
Pressure

Partial Pressure Sensor,
Oxygen

H F MmN Mo H NN H (NS RN AV IRV AV IR LGN AW =

NN MNDE e

I_I

143.70

£0, 50
0.55
0.02
0.66
0.4Y
0.66
0.66

Lo

18.6

2k

New design

Existing

Existing
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Table 5-b
AS&PS EQUIPMENT LIST (Continued)

Unit Nominal

Wet. Power Design
Component Quantity | (1bs) (watts) Status
Cabin Pressure Relief Assy. 1 2.38 12 New design
Cabin Pressure Relief Valve 2
Flow Indicator, Atmosphere 2
Repressurization 1 1.7T —_ New design

Shutoff Valve
Pressure Regulator
Relief Valve

e

B. Regulator Assemblies

a

The cost estimating relationship developed for the regulator
assemblies is based on the cost of similar components in the Gemini

and Skylab atmospheric control systems and is given by the following:

Regulator assembly cost C = hoBo w Q0'89 dollars
where,

W = regulator assembly weight = 9.5 1bs, and

Q = number of regulator assemblies = 2.

Substituting the values of variables in the above equation yields:

89

C = LoBo x 9.6 x 20' = 72,660 dollars

C. Controller Assembly

The controller assembly comprizes solenoid and manual shutoff valves,
flow and pressure sensors, controllers and oxygen partial pressure

sensors. Thke recurring cost estimating relationship for the controller
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assembly is given by the following equation, based on a study of
currently available component costs. The cost of the oxygen pariial
pressure sensors is based on the gssumption that the Spacelab will

utilize the same sensors used on the orbiter with no additional

modifications,

Controller assembly cost C = 3276 wv + 3600 N + 6000 8 dollars
where,

W, = weight of valves and pressure and flow sensors = £.06 1bs

N = number of controllers = 3, and

number of oxygen partial pressure sensors = 3.
Substituting the value of variables in the above eguation yields:
¢ = 30,671 dollars

Cabin Pressure Relief Assembly

The following recurring CER has been derived based on available costs

of similar components utilized in the Skylab and other space programs:
Cabin pressure relief assembly cost C = Tl3h.W§ dollars
wvhere, |
W, = cabin relief components weight = 2.38 1bs

then,

¢ = 16,975 dolliars
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E. Airlock Repressurization Assembly

The airlock repressurigation assembly recurring cost is obtained by
utilizing component cost data from the Skylab, Gemini and other space
programs. The recurring CER for the airlock repressurization assembly

is given by the following:

Airlock repressurization assembly cost C = 2220 WA dollars
where,

WA = airleock repressurization ceompenents weight = 1.77 1bs
then,

C = 386k dollars

5.2.3.2 Integrated AS&PS Recurring Cost

The recurring cost of the integrated AS&PS, including the cost of packaging
and interface hardware, is obtained from the results of the CER's utilized in

this section and resulting in the following:

Total ASEPS recurring cost = 1.833 x 1.1 x (80,550 + 72,660

+ 30,67L + 16,975 + 389L) = 412,836  dollars

5.2.3.3 Non-Recurring Cost of AS&PS

The non—recﬁrring cost of the AS&PS is obtained by utilizing a CER developed
for engineering design and adding to it the cost of other non-recturring func-
tions on a percentage basis, as presented in Section 3 and shown in Table 3-L.
The cost breakdown ratics listed in Table 3-4 are average values obtained
from analyzing the ECS cost data of the Gemini spacecraft and are assumed
representative of cost-effective ECS development. The engineering design CER
was based on the analysis of a number of cost influencing parameters which
indicated that design cost is mainly a function of the number of component

types (N) in each system and is given by the following relation:

ASEPS design cost Cp = 41,922 W + 123,530 dollars
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The AS&PS comprises three new design assemblies, the gaseous atmospheric
supply, airlock repressurization and the cabin pressure relief, in addition to
two major existing design assemblies, as shown in Table 5-4, The three new
design assemblies inciude 12 compenent types. An additicnal four equivalent
component types are added tc account for the design efforti required for
incorporating the existing design assemblies. Thus, substituting N = 16 in

the above CER yields the following:
ABEPS design cost CD = TQhL,282 dollars

Applying the non-recurring cost breakdewn shown in Table 3-4 results in the

ASEPS design and development phase expenditure breakdown given in Table 5-5.

Table 5-=5

AS&PS DESIGN AND DEVELOPMENT PHASE
EXPENDITURE BREAKDOWN

Cost Item Non-Recurring Cost
Engineering design 7oL, 281
Program management ' 59,193
General and administrative 410,218
System engineering 250,077
System integration 397,829
Development, gualification 479,505
and reliability tests
System test 389,110
Non-accountable test hardware 79,382
Specifications, vendor 6L 8,365
coordinations and procurement
expense
Minor subcontracts 17,895
Tooling 184,460
GSE . 378,252

Total 4,588,567
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5,2.3.4 Total ASKPS Cost

The total AS&PS cost is obtained by adding up the recurring and non—recurring'

costs, resulting in the following:
Total ASEPS cost = 412,836 + 4,588,567 = 5,001,403 dollars

5.3 TRACE CONTAMINANTS CONTROL SUBSYSTEM

A complete trace contaminants control subsystem is required fof extended
quration missions, such as the planned Spacelab 30-Day migsions. Gases such
as carbon monoxide, that can only be effectively removed by oxidation, may be
tolerated in the T-day missions. However, it is highly recommended that a
catalytic oxidizer to remove lower molecular weight contaminants be inecluded
for the 30-day missions as the contaminants would build up to objectionable
levels in such a long duration. Trade contaminant removael equipment removes
or controls atmospheric contaminants sufficiently to limit the concentrations
to some acceptable level. Contaminants may be separated into fhe broad cat-
egories of particles and gases. Particles include solids such as dust as well
as small liquid droplets. Those gases which have been identified as potential
contaminants and those whiech have been detected in the Mercury and Gemini
space vehicles, submarines, Apollo cutgassing tests, Earth-based space cabin
simulator tests are rather extensive. However, at the present time there exist
no adequate criteria for predicting outgassing or generation rates for non-
piological contaminants. Reference 5.3-1 has an extensive discussion of these
gases and the generation rates have been treated conservatively to establish
the required removal rates. These generation rates and maximum allowable
concentrations from Reference 5.3-1 provide the basis for designing and sizing
the capacity of the trace contaminant removal eguipment. The necessary equip-
ment includes particulate filters, activated charcoal, and catalytic oxidizers.
A discussion of a trace contaminants control subsystem for the 30-day mission

Spacelab is presented in the following paragraphs.
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5.3.1 Trace Contaminants Control Subsystem Requirements

The Spacelzsb trace contaminants control subsystem will be assumed to have the

following design requirements:

Atmosphere Total Pressure 1L.7 + 0.25 psia
Oxygen Partial Pressure 3.2 +£ 0.25 psia
Atmosphere Leakage, Maximum 3 1bs/day
Trace Contaminant Concentration See Reference 5.3-1
Levels ' ‘
Pressurized Cabin Volumes:

Core Segment 1235 ft3

Experiment Segment go2 ft3

Expériment Airlock Lo ft3

5.3.2 Bubsystem Description

A scrematic diagram cf the trace contaminants control subsystem is presented
in Figure 5-3. The subsystem comprises a particulate filter, an activated
charcoal bed, and a catalytic oxidiszer with pre~ and post-sorbents. The
activated charcoal and particulate filters are located upstream of the cabin
fan. The catalytic oxidizer draws its air flow from the downstreém gide of
the fan and returns it for recyeling and further absorption through the
activated charcosl bed. Trace contaminant contfol equipment selection and
sizing is based on a trade off of oxidizable contaminants removed by cﬁarcoal
vs. catalytic oxidization. More than a hundred pounds of charcoal would be
required to remove all contaminant gases other than HE’ CO, and CHh' By sizing
the catalytic oxidizer to remove essentially all oxidizable gases, non-—
regenerable sorbents are reduced to a minimum. Expendable sorbent quantities
are then limited to that reguired for ammonia control, some charcecal added to
the ammonia sorbent bed for rapid peak odor control, and the pre and'post

sorbents used in conjunction with the catalytic oxidizer.
Particulate filters include not only a debris filter but also an absolute

filter unsed in conjunction with charcoal. The debris filter traps coarse

particles entering the atmosphere purification locp and the absolute filter
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removes particles in size down to 0.3p. The particulate filters weigh one
pound and have a pressure drop of 0.2 in. of water. Activated charcoal is
impregnatea with phesphoric acid for removalrof ammonia and basic (high pH)
compounds, but the activated charcoal is primarily to remove contaminant
gases having s high molecular weight. The unit is designed to provide a

reasonable residence time of approximately 0.2 seconds for contaminant removal.

The catalytic oxidizer comprises s cylindrical unit containing 0.5% palladium
catalyst, electrical heaters, and a regenerative heat exchanger, all contained
within a vacuum insulated jacket. The pre- and post-sorbent bed filters are
connected to the catalytic oxidizer with tubing. The design gas flow through
the catalytic oxidizer is 5 cfm which is considered adequate for removal of
all oxidizable gases. Carbon monoxide oxidation, which is generally used to
size the unit fiow, would require only 2 to 2.5 cfm. The catalytie oxidizer
oxidizes the various lower molecular weight gases in the cabin atmosphere io
002, water vapor, or other compounds. Pre- and post-sorbent beds are included
with the catalytic oxidizer to prevent catalyst poisoning and tc remove the
undesirable oxidation products. These can be .acid-impregnated activated char-
coal, Linde type 13 Zeolite, and LiOH sorbents. The selected sorbent bed
material is usually LiCH. The LiCH is more desirable for during usage the
pre-sorbent LiCH will be partially converted to LiCO3 due to 002 ebsorption.

The combination LiOH and LiCO, presorbent will effectively remove such com-

3

pounds as SO H?S, HCI, and HF. As a postsorbent, it will remove such acid

2)
gases as HC1 and HF resulting from the catalytic oxidation processes and will

contrel ammoniz and basic (high pH) compounds.

The trace contaminants contrcol subsystem components are listed in Table 5-6,

which also includes component quality, weight and nominal power requirements.

5.3.3 Cost Estimating Relationships

The recurring and non-recurring cost estimating relaticnships for the trace

contaminants control subsystem are presented in the following paragraphs.
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Table 5-6
TRACE CONTAMINANTS CONTROIL SUBRSYSTEM COMPONENTS LIST

Unit
Weight, Power,
Component Quantity Ibs. Watts

Pre/Post Sorbent Bed o 12.0 -
Particulate Filter 1 1.0 -
Activated Charcoal Bed 1 12.0 4 -
Catalytic Oxidizer (including 1 5.0 50
heater)
Catalytic Oxidizer Heat 1 1.5 -
Exchanger
Catalytic Oxidizer Controller 1 b.s -
Valve, Shut Off Manual 1 0.5 -

5.3.3.1 Recurring Cost Estimates

The recurring cost estimates for each of the trace contaminants control com-
ponents is given by a CER derived for the component and presented in Table 5-7.
The CER derivation is based on cost data for similar components flown in pre-
vious space programs and modified to refiect specific component characteristics.
The recurring cost of the integrated trace contaminants control subsystem is
obtained from solving the individual CER's listed in Tabkle 5-T7 and then apply-
ing factors that account for the cost of packaging and interface hardware,

resulting in the following:

Trace contaminants control subsystem's

total recurring cost = 333,660 dellars

5.3.2.2 Non-Recurring Cost of Trace Contaminants Control Subsystem

Table 5-8 presents a breakdown of the non-recurring costs obtained by
utilizing a CER developed for engineering design and adding to it the caost
of other non-recurring functions on a percentage basis. The cost breakdown
ratics used are average values obtained from analyzing the ECS cost data of
the Gemini spacecraft and are assumed representative of cost-effective ECS

development. The engineering design CER was based on the analysis of a number
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Table 5-T

TRACE CONTAMINANTS CONTROL SUBSYSTEM RECURRING COST ESTIMATES

Component/Subassembly

Cost

Estimating Relationships

Notes

Pre/Post Sorbent Bed

Activated Charceal Bed

Particulate Filter

Catalytic Oxidizer Heat
Exchanger

Catalytic Oxidizer

Catalytic Oxidizer
Controller

Cost

Cost

Cost

Cost

Cost

Cost

0.89

fl

19,038 wo.267

CAN 9

+
3551 Wbc dollars

0.265

19,038 Wonn

dollars

3000 WF dollars

_ 0.267 _ 1.905
= 190 W Np

+ 3551 Wy,

267

100 (100 wg'

0.265)
+ 4 WH

il

55Tk WCN dcllars

CAN

oc

CH

Average Canister
Weight, Lbs.

Other Components
Weight, Lbs.

Particulate Filter
Weight, Lbs.

Heat Exchanger
Weight, Lbs.

Fumber of poris per
heat exchanger

Catalytic Oxidizer
Weight, Lbs.

Heater Weight, Lbs.

Contreller Weight,
Lbs.




Table 5-8

TRACE CONTAMINANTS CONTROL SUBSYSTEM DESIGN AND
DEVELOFMENT PHASE EXPENDITURE BREAKDOWN

Cost Item Nen-Recurring Cost
Engineering design L16,983
Program managemeﬁt 31,075
General and administrative 215,357
System engineering 131,286
System integraticn 208,853
Development, gualification 251,732
and reliability tests
System test 204,276
Non—aceountable test hardware h1,674
Specifications, vendor coordi- 340,380
nations and procurement expense
Mirnor subcontracts 9,395
Tooling 96,838
GSE 461,067

Total 2,408,916

of cost infiuencing parameters which indicated that design cost is mainly a
function of the number of component types (N) in each system and is given by

the following relation:

Subsystem design cost CD = 41,922 § + 123,530 dollars
Table 5-6 shows that the number of component types ¥ = T, resulting in a sub-
system design cost = 416,984 dollars. The total subsystem's non-recurring

cost is shown in Table 5-8 and = 2,108,916 dollars,

5.3.3.3 Trace Contaminants Control Subsystem's Total Cost

The subsystem's total cost is obtained from the summaticn of the recurring and

non-recurring costs and = 333,660 + 2,408,916 = 2,742,576 dollars.
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Section &

CONCLUSIONS AND RECOMMENDATICNS

Cost models have been established and valuable cost estimates were made for
selected life sciences experiments and subsystems applicable te the shuttle
Spacelab payload. Cost estimates of two non-life sciences experiments, Cloud
Physics and Space Processing, were also identified to present a basis of com-
parisen between life sclences and othér manned spaceflight experiments where
a large part of the cost data was independently collected. The resultsg of
comparison showed a generally good consistency. TFor example, 2 medical
emphasis life sciences Spacelab experiment production cost was estimated at
$27 miliion compared to a Cloud Physics experiment production cost of

$21 million. The Cloud Physics experiment iz approximately half the size of
the medjcal emphasis LSSL but has relatively higher development cost equipment.

The results of this phase of the study present valuable cost data for the
Spacelabd expefiments and subsystems evaluated which are necessary for planning
and allocation of resources. The cost models and estimating relationships
may also be used fo estimate the cost of comparable Spacelab 1life éciences

experiments and subsystens.

Some of the more pertinent study conclusions include the following:

A. The majority of life sciences experiments and egquipment are not
defined to a degree commensurate with adequate cost analyses. Pre-
liminary designs had to be performed on all experiments evaluated in
this phase of the study.

B. The major cost impaect ares in life sciences and other experiments is
the cost of developing new flight type experiment components.

C. The total project cost for any 10 to 12 year Epacelab project necessi-
tates the alloéation of high percentage of cost to the operations
phase, sometimes up to 50% of total. A high cost program value is

thus inevitable whenever the operations cost is ineliuded.
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The use of previously develcped and flown components provide
significant reduction in program costs. This was clearly illustrated
in developing cost estimates for the thermal control and atmospheric
supply and pressurization subsystems for Spacelab.

The cost of flight qualification of commercial hardware, with no
major modifications, is approximately 50% of the cost of newly
developed flight hardware.

Spacelab 1life sciences experiments require low temperature cooling of

magnitudes not available in the basic Spacelab subsystems.

Following are some ¢f the pertinent study recommendations:

A.

NASA's supporting research and technelegy programs should undertake
the development of important experiment equipment and components up to
flight hardware status.

The utilization of flight-qualified components and the gqualification of
commercial hardware for use in experiments and subsystems should be
encouraged in all new programs as an effective cost reduction methed.
Definition studies and preliminary designs of promising life sciences
experiments should be conducted immediately and followed by cost
analyses of the experiments, in order to select and develop Tlight
hardware for projected 1980 Spacelab missions,

The development of a low temperature refrigeration subsystem for life
sciences Spacelab 1s recommended as an essential support subsystem
which may also be used with numercus other Spacelab payloads. The
utilization of refrigeration system technology and hardware developed
in the Skylab program would greatly reduce development costs of such

a8 subsystem.
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